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BACKGROUND  AND  SIGNIFICANCE 

The  complex  life-cycle  of  the  malaria  parasite  results  from  the  ordered  expression  of 
specific  genes  which  dictate  the  pathways  of  development  and  differentiation.  Despite  the 
central  role  of  these  pathways  in  the  physiology  of  the  parasite,  little  is  known  of  the 
mechanisms  by  which  gene  expression  is  regulated  in  tliis  protozoan.  Characterization  of 
these  pathways  requires  1)  access  to  the  various  stages  of  the  organism,  both  within  its 
vertebrate  and  invertebrate  hosts,  2)  the  ability  to  stably  clone  and  propagate  DNA  sequences 
which  flank  genes  of  interest  and  finally,  3)  a  functional  assay  for  gene  regulation.  The 
malaria  parasite  has  proven  to  pose  significant  problems  for  each  of  these  requirements. 
Although  culture  methods  are  available  for  the  asexual,  intraerythrocytic  stages  of  P. 
falciparum,  gametocyte  stages  are  less  reliably  obtained  in  culture  and  insect  stages  require 
infected  mosquitoes  for  isolation  of  biologically  active  material.  For  these  reasons,  our  efforts 
have  focussed  initially  on  the  asexual,  intra-erythrocytic  stages  of  P.  falciparum.  Although  the 
successful  cloning  of  a  P.  falciparum  erythrocytic  stage  gene  was  first  described  in  1985,  it 
rapidly  became  apparant  that  the  unusually  high  (>80%)  A-t-T  content  of  P.  falciparum  DNA 
was  unstable  in  traditional  prokaryotic  hosts,  resulting  in  large  deletion  of  sequences, 
particularly  in  flanking  regions.  However,  it  is  precisely  these  flanking  regions  where 
regulatory  sequences  usually  reside  for  eukaryotic  genes  that  made  this  technical  problem  so 
troubling. 

Work  over  the  last  two  years  in  the  laboratory  has  focussed  on  developing  approaches 
for  the  stable  cloning  of  flanking  DNA,  the  identification  of  putative  promoter  regions  in  that 
DNA  and  the  development  of  strategies  for  the  reintroduction  and  expression  of  DNA  back 
into  the  erythrocytic  stage  parasite.  The  strategy  we  have  adopted  is  to  utilize  the  fission 
yeast,  Saccharomyces  cerevisiae,  as  a  host  for  the  DNA  of  P.  falciparum  in  the  form  of 
linear,  artifical  chromosomes.  The  rationale  behind  this  approach  stemmed  from  the  similarity 
in  A-kT  content  of  the  DNA  of  these  two  organisms  and  the  possibility  of  using  yeast  artifical 
chromosome  vectors  to  construct  libraries  of  P.  falciparum  DNA.  As  will  be  described 
below,  this  strategy  proved  to  be  very  successful.  With  YAC  clones  for  a  variety  of 
erythrocytic  stage  genes  in  hand,  the  identification  of  putative  promoter  regions  has  been 
possible.  These  clones,  which  average  lOOkb  in  length,  have  also  provided  us  the  opportunity 
to  investigate  the  distribution  of  genes  along  the  chromosome  by  developing  a  method  of 
transcription  mapping.  The  combination  of  YAC  cloning  and  transcription  mapping  has  led  to 
the  identification  of  several  new  genes  and  the  definition  of  intergenic  regions  where 
transcriptional  termination  and  re-initiation  has  been  mapped.  These  structural  studies  have 
provided  the  DNA  targets  for  functional  studies  into  their  role  in  gene  regulation. 

One  approach  to  defining  the  functional  role  of  putative  promoter  regions  has  been  to 
determine  if  these  sequences  are  the  sites  for  specific  nuclear  protein  interactions,  indicative 
of  the  interaction  of  transcription  factors  with  their  promoters.  The  interactions  can  be 
visualized  by  electrophoretic  mobility  shift  assays  (EMSA)  using  DNA  targets  and  nuclear 
protein  extracts  from  infected  erythrocytes.  Since  transcription  of  many  erythrocytic  genes  is 
stage-specific,  some  of  the  complexes  defined  by  EMSA  should  reflect  this  stage  specificity. 
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Protein-DNA  complexes  have  been  described  in  the  last  year  which  fulfill  these  criteria  and 
are  likely  to  represent  the  interaction  of  promoters  with  transcription  factors. 

Finally,  the  definition  of  a  promoter  is  ultimately  a  functional  one,  describing  a  DNA 
element  capable  of  directing  the  transcription  of  a  reporter  sequence.  This  approach  requires 
the  ability  to  reintroduce  exogenous  DNA  back  into  a  cell  type  of  interest.  In  the  case  of  the 
infected  erythrocyte,  multiple  membrane  barriers  exists  which  make  this  problem  more 
complicated  than  a  typical  eukaryotic  cell.  Successful  transformation  of  an  intracellular 
pathogen  has  not  been  achieved  as  of  this  writing.  The  laboratory  has  been  approaching  this 
problem  by  using  a  variety  of  physical  and  chemical  approaches  for  the  re-introduction  of 
DNA  into  the  infected  erythrocyte,  using  transient  expression  of  sensitive  reporter  genes 
driven  by  the  putative  promoters  defined  in  the  preceding  paragraph.  The  results  of  these 
experiments  will  be  summarized  below. 


RESULTS 

Construction  and  characterization  of  a  yeast  artifical  chromosome  library  from  P. 
falciparum 

Molecular  genetic  studies  of  the  human  malaria  parasite  Plasmodium  falciparum  have 
been  hampered  in  part  due  to  difficulties  stably  cloning  and  propagating  parasite  genomic 
DNA  in  bacteria.  This  is  thought  to  be  a  result  of  the  unusual  A  T  bias  (>80%)  in  the 
parasite’s  DNA.  Pulsed-field  gel  electrophoretic  separation  of  P.  falciparum  chromosomes  has 
shown  that  large  chromosomal  polymorphisms,  resulting  from  the  edeletion  of  DNA  from 
chromosome  ends,  frequently  occur.  Understanding  the  biological  implications  of  this 
chromosomal  polymorphism  will  require  the  analysis  of  large  regions  of  genomic,  and  in 
particular  telomeric,  DNA.  To  overcome  the  limitations  of  cloning  parasite  DNA  in  bacteria, 
we  have  cloned  genomic  DNA  from  the  P.  falciparum  strain  FCR3  in  yeast  as  artificial 
chromosomes.  A  pYAC4  library  with  an  average  insert  size  of  approximately  100  kb  was 
established  and  found  to  have  a  three  to  fourfold  redundancy  for  single-copy  genes.  Unlike 
bacterial  hosts,  yeast  stably  maintain  and  propagate  large  tracts  of  parasite  DNA.  Long-range 
restriction  enzyme  mapping  of  YAC  clones  demonstrates  that  the  cloned  DNA  is  contiguous 
and  identical  to  the  native  parasite  genomic  DNA.  Since  the  telomeric  ends  of  chromosomes 
are  underrepresented  in  YAC  libraries,  we  have  enriched  for  these  sequences  by  cloning  P. 
falciparum  telomeric  DNA  fragments  (from  40  to  130  kb)  as  YACs  by  complementation  in 
yeast. 

Ref:  de  Bruin,  D.,  Lanzer,  M.  and  Ravetch,  J.V.  (1992).  Characterization  of  Yeast  Artificial 

Chromosomes  from  Plasmodium  falciparum:  Construction  of  a  stable,  representative 
library  and  cloning  telomeric  DNA  fragments.  Genomics,  in  press. 

Transcription  mapping  of  a  100  kb  locus  identifying  an  intergenic  region 

We  have  mapped  Plasmodium  falciparum  erythrocytic  stage  transcription  units  on 
chromosome  10  in  the  vicinity  of  the  gene  encoding  the  glycophorin  binding  protein 
(GBP130)  using  yeast  artificial  chromosomes  (YACs).  Three  erythrocytic  stage  transcription 
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units  are  clustered  in  a  40  kb  region.  Two  of  these  genes  are  closely  linked,  separated  by  <2 
kb.  Nuclear  run-on  data  demonstrate  that  transcription  of  these  two  genes,  though 
unidirectional,  is  monocistronic.  Within  this  intergenic  region  are  the  sites  at  which 
transcription  of  the  upstream  gene  terminates  and  the  GBP130  gene  initiates.  These  studies 
represent  the  first  description  of  the  minimal  and  necessary  cis-acting  elements  for 
transcription  termination  and  initiation  in  this  protozoan  parasite. 

Ref:  Lanzer,  M.,  de  Bruin,  D.  and  Ravetch,  J.V.  (1992).  Transcription  mapping  of  a  100  kb 

locus  of  P.  falciparum  identifies  an  intergenic  region  in  which  transcription  terminates 
and  reinitiates,  EMBO  J.,  11:1949-1955. 

A  putative  promoter  region  is  the  site  of  developmentallv  regulated  DNA-protein 
interactions 


The  Plasmodium  falciparum  gene  encoding  the  knob  associated  histidine-rich  protein 
(KAHRP)  is  shown  to  be  transcriptionally  regulated  during  its  expression  in  the 
intraerythrocytic  cycle  as  demonstrated  by  stage  specific  nuclear  run-on  analysis.  The 
genomic  organization  of  the  KAHRP  gene  was  determined  and  the  structural  basis  for  the 
stage  specific  transcription  investigated.  A  sequence  motif  with  two-fold  symmetry  was  found 
160  bp  upstream  of  the  RNA  initiation  site.  This  sequence  element  interacts  with  parasite 
derived  nuclear  extracts  in  a  stage  specific  manner  that  correlates  with  the  transcriptional 
activity  of  the  KAHRP  gene.  These  studies  suggest  a  functional  role  for  this  structural 
element  in  the  developmental  regulation  of  a  P.  falciparum  erythrocytic  gene. 

Ref:  Lanzer,  M.,  de  Bruin,  D.  and  Ravetch,  J.V.  (1992).  A  sequence  element  associated 

with  the  Plasmodium  falciparum  KAHRP  gene  is  the  site  of  developmental!}'  regulated 
protein  interactions,  Nucl.  Acids  Res.,  20:3051-3056. 

Development  of  transfection  strategies  for  P.  falciparum 

Our  efforts  during  the  past  year  have  focussed  on  introducing  exogenous  DNA  into  the 
infected  erythrocyte  using  electroporation  or  biolistic  particle  bombardment.  Initial 
experiments  were  aimed  at  determining  the  efficiency  of  introduction  of  exogenous  DNA 
using  these  approaches,  utilizing  labelled  DNA.  DNA  fragments  were  labelled  either  by 
radioisotopic  or  biotinylated  nucleotide  triphosphate  precursors.  The  tagged  DNA  could  be 
reproducibly  detected  in  the  isolated  parasite  pellet  of  the  infected  erythrocyte  24  hours  after 
its  introduction  by  electroporation  of  asynchronous  parasites.  Control  uninfected  erythrocytes 
were  routinely  negative.  Greater  efficiences  were  seen  for  schizont  stage  parasites,  when 
compared  to  ring  or  trophozoite  enriched  stages. 

A  variety  of  reporter  genes  were  constructed  using  DNA  sequences  from  the  KAHRP 
gene,  the  GBP  130  intergenic  region  and  the  P195  gene  upsu-eam  sequences  5'  of  luciferase  or 
chloramphenicol  acetyltransferase  reporter  genes.  These  constructs  were  introduced  into 
schizont-stage  parasites  using  the  parameters  determined  from  the  labelled  DNA  experiments. 
Preliminary  results  from  three  independent  experiments  have  suggested  that  the  P195  upstream 
region  when  coupled  to  the  luciferase  reporter  gene  results  in  detectable  luciferase  activity  24 
hours  after  electroporation  of  schizont  stage  parasites.  No  activity  was  observed  for  the 
GBP  130  or  KAHRP  promoters  electroporated  into  schizonts.  These  results  are  encouraging 


and  consistent  with  the  stage  specificity  of  the  three  promoters  utilized  since  only  the  PI 95  is 
active  during  the  schizont  stage.  Confirmation  of  these  results  using  a  second  reporter,  like 
CAT,  is  in  progress  and  will  be  followed  by  a  detailed  analysis  of  the  putative  promoter 
element. 


CONCLUSIONS  AND  FUTURE  DIRECTIONS 


The  success  of  the  YAC  cloning  strategy  has  facilitated  the  analysis  of  gene 
organization  and  regulation  in  the  malaria  parasite.  These  approaches  will  allow  for  the 
cloning  of  complete  chromosomes,  thereby  identifying  genetic  loci  of  biological  significance, 
like  drug  resistance,  cytoadherence,  invasion  and  dimorphism  using  positional  cloning 
strategies.  Novel  transcription  units  can  be  defined  and  their  regulation  studied  in  intact  and 
rearranged  chromosomes.  The  identification  of  putative  promoters  and  dominant  selectable 
markers  using  these  strategies  will  be  combined  to  develop  methods  for  stable  transformation 
of  P.  falciparum.  Studies  completed  during  the  last  year  have  laid  the  groundwork  for  these 
important  extensions. 
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Molecular  genetic  studies  of  the  human  malaria  para¬ 
site  Plasmodium  falciparum  have  been  hampered  in 
part  due  to  difficulties  stably  cloning  and  propagating 
parasite  genomic  DNA  in  bacteria.  This  is  thought  to  be 
a  result  of  the  unusual  .A  ^  T  bias  (>80%)  in  the  para¬ 
site’s  DN.A.-Pulsed- field  gel  electrophoretic  separation 
of  P.  falciparum  chromosomes  has  shown  that  large 
chromosomal  polymorphisms,  resulting  from  the  dele¬ 
tion  of  DN.A.  from  chromosome  ends,  frequently  occur. 
Understanding  the  biological  implications  of  this  chro¬ 
mosomal  polymorphism  will  require  the  analysis  of 
large  regions  of  genomic,  auu  in  particular  '.eloroeric, 
D.NA.  To  overcome  the  limitations  of  cloning  parasite 
DN.A  in  bacteria,  we  have  cloned  genomic  DNA  from 
the  P.  falciparum  strain  FCR3  in  yeast  as  artificial 
chromosomes.  .A  pYAC4  library  with  an  average  insert 
size  of  approximately  100  kb  was  established  and 
found  to  have  a  three  to  fourfold  redundancy  for  single¬ 
copy  genes.  Unlike  bacterial  hosts,  yeast  stably  main¬ 
tain  and  propagate  large  tracts  of  parasite  DNA.  Long- 
range  restriction  enzyme  mapping  of  Y.AC  clones  dem¬ 
onstrates  that  the  cloned  DNA  is  contiguous  and 
identical  to  the  native  parasite  genomic  DNA.  Since  the 
telomeric  ends  of  chromosomes  are  underrepresented 
in  YAC  libraries,  we  have  enriched  for  these  sequences 
by  cloning  P.  falciparum  telomeric  DNA  fragments 
(from  40  to  130  kb)  as  YACs  by  complementation  in 
yeast.  <;  isez  Aevdcniic  PrvM.  Inc. 


INTRODUCTION 

The  human  malaria  parasite  Plasmodium  falciparum 
infects  more  thin  200  million  people  and  claims  over  2 
million  lives,  euinually.  P.  falciparum  is  an  obligate  in¬ 
tracellular  protozoan  parasite  that  requires  two  hosts,  a 
human  and  a  mosquito,  for  the  completion  of  its  life 
cycle.  In  the  human  host  the  parasite  is  haploid  and 
multiplies  asexually  within  hepatocytes  and  erythro¬ 
cytes  through  mitotic  divisions.  The  erythrocytic  stages 


can  be  cultured  in  uitro  (Trager  and  Jensen,  1976),  pro¬ 
viding  a  source  of  parasites  for  study.  The  sexual  phase 
of  the  life  cycle  begins  when  the  mosquito  host  ingests 
parasite-laden  blood  from  an  infected  human.  During 
this  phase  recombination  and  independent  assortment 
of  chromosomes  occurs  ( Walliker  et  ai.  1987).  The  com¬ 
plexity  of  the  parasite's  life  cycle  and  the  difficulties  in 
creating  and  manipulating  mutants  hive  severely  re¬ 
stricted  the  use  of  classical  genetic  tools  for  study  of  this 
organism. 

Pulsed-field  gel  electrophoresis  studies  have  revealed 
that  the  parasite’s  haploid  genome  of  3  x  10'  bp  contains 
14  chromosomes  that  range  in  size  from  600  kb  to  3.5  .VIb 
(Van  Der  Ploeg  et  al.,  1985:  Wellems  et  al.,  1987).  Strik¬ 
ing  polymorphisms  have  been  observed  between  homolo¬ 
gous  chromosomes  of  different  geographical  isolates. 
The  variations  in  chromosome  size  range  from  50  to  300 
kb,  which  in  some  cases  corresponds  to  157o  of  the  total 
length  of  a  chromosome  (Ravetch,  1989).  These  chromo¬ 
somal  polymorphisms  appear  to  be  the  result  of  large 
deletions  of  DNA  from  chromosome  ends.  A  pathway 
described  in  P.  falciparum  that  leads  to  chromosomal 
polymorphisms  involves  a  process  of  chromosome  break¬ 
age  followed  by  the  healing  of  the  breakpoint  through 
the  de  novo  addition  of  telomere  repeats  (Pologe  and 
Ravetch.  1986,  1988;  Pologe  et  ai..  1990).  This  chromo¬ 
some  instability  and  polymorphism  reflects  the  plastic¬ 
ity  of  the  parasite's  genome. 

The  genomic  plasticity  of  P.  falciparum  is  also  indi¬ 
cated  by  the  extensive  strain-dependent  variations  seen 
in  antigenic  determinants  and  protein  isoforms  (see 
Kemp  et  al.,  1990  for  review).  Further  antigenic  differ¬ 
ences  arise  from  chromosomal  polymorphisms  that  de¬ 
lete  specific  antigen  genes  (Pologe  and  Ravetch,  1986, 
1988;  Pologe  et  al..  1990).  We  have  been  interested  in 
determining  what  additional  roles  chromosomal  poly¬ 
morphisms  play  in  the  parasite's  biology  and  in  studying 
the  overall  organization  and  structure  of  P.  falciparum 
chromosomes.  Questions  concerning  the  parasite's  ge¬ 
nome  require  the  analysis  of  large  fragments  of  genomic 
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DNA  in  general  and  of  telomeric  fragments  in  par¬ 
ticular. 

Molecular  biological  studies  on  P.  falciparum  have 
been  hampered  by  diflSculties  in  stably  maintaining 
large  genomic  clones  of  parasite  DNA  in  bacterial  hosts 
(Kochan  etal.,  1986;  Weber,  1988).  The  problem  of  clone 
stability  is  thought  to  be  a  result  of  the  parasite’s  unusu¬ 
ally  A  -r  T-rich  DNA.  The  A  -r  T  content  averages  9>2% 
and  can  approach  90  to  95%  in  intergenic  regions  (Pol¬ 
lack  et  aL,  1982;  Weber.  1988).  As  a  means  of  obtaining 
complete  P.  falciparum  genomic  clones,  we  report  here 
the  construction  and  characterization  of  a  stable,  repre¬ 
sentative  yeast  artificial  chromosome  (YAC)  library  and 
the  YAC  cloning  of  Plasmodium  telomeric  DNA  frag¬ 
ments  by  complementation  in  yeast.  The  parasite  offers 
a  unique  eukaryotic  system  in  which  to  study  chromo¬ 
somal  stability  and  structure,  and  these  YAC  clones  pro¬ 
vide  necessary  reagents  for  the  analysis  of  the  P.  falci¬ 
parum  genome. 

MATERIALS  AND  METHODS 

Preparation  of  parasite  DNA.  Fifty  10-cni  plates  of  the  P.  falci¬ 
parum  strain  FCR3  (.ATCC  30932)  were  grown  to  a  parasitemia  of 
lO'iJ  (approximately  ’.3  X  10‘°  parasites)  as  described iy  Trager  and 
Jensen  1 1976).  DNA  was  prepared  after  saponin  lysis  of  the  infected 
erythrocytes  by  digestions  with  RNase  A  and  Proteinase  K.  followed 
by  extraction  with  bulTered  phenobchloroform  (1:1)  in  50-ml  plastic 
disposable  centrifuge  tubes  (Goman  et  of.  1982).  To  minimiie  shear¬ 
ing.  the  DNA  was  slowly  mixed  by  inversion.  .After  centrifugation 
1 1000  rpm  for  10  min)  to  separate  the  phases,  the  organic  phase  was 
removed  by  draining  it  through  a  needle  hole  in  the  bottom  of  the  tube. 
The  aqueous  phase  was  transferred  to  a  fresh  tube  and  extracted  again 
with  phenohchloroform  followed  by  two  extractions  with  chloro- 
form:isoamyl  alcohol  (24:1).  The  DNA  was  then  dialyzed  extensively 
against  TE  (10  m-Vf  Tris  (pH  8.0),  1  tuM  EDTA  (pH  8.0)1. 

Digestion  of  D.NA.  Parasite  DN.A  for  the  pY.ACA  library  was  par¬ 
tially  digested  with  EcoRI  at  five  different  concentrations  of  enzyme 
(0.15.  0.10, 0.03, 0.025.  and  0.01  U/«g  DNA)  as  described  in  Sambrook 
et  aL  )  1989).  For  the  Plasmodium  telomere  cloning,  parasite  DNA  was 
digested  to  completion  with  Nfiel.  YAC  vectors  pY.ACA  (Burke  et  aL. 
lOfi";  Burke  and  Olson.  1991)  and  pJS97  (Shero  et  aL,  1991)  were 
digested  with  either  EcoRI  and  Bamtil  or  Nhei  and  Cfal,  respectively. 
Following  digestion,  the  vectors  were  treated  with  calf  intestinal  phos¬ 
phatase  according  to  the  manufacturer's  (Boehnnger- Mannheim  Bio¬ 
chemicals)  specification. 

Ligation  of  DNA.  For  the  pYAC4  library.  l-«g  aliquots  from  each 
partial  digest  were  pooled,  a  50x  (14-Kg)  molar  excess  of  prepared 
pYAC4  was  added,  and  the  reaction  conditions  were  adjusted  to  .30 
mjVf  Tris  (pH  7.5),  10  miVf  MgCU,  25  mM  NaCl.  10  miVf  D'lT.  2  mM 
spermidine,  1  nuVf  .ATP,  50  ng/|il  BSA  in  a  volume  of  200  ul.  .After  the 
addition  of  2400  U  of  T4  DNA  ligase  (New  England  Biolabs),  the 
ligation  reaction  was  incubated  at  12*C  for  24  h.  Ligations  for  the 
Plasmodium  telomere  YACs  were  performed  in  a  similar  manner  us¬ 
ing  5  ug  of  iV/iel-digested  parasite  DNA  and  10  wg  of  prepared  pJS97. 

Yeast  growth  and  traraformation.  The  yeast  strains  used  are 
AB1380  (ATCC  20843,  Burke  et  aL.  1987)  for  the  pYAC4  library  and 
YPH274  (Sikorski  and  Heiter,  1989)  for  the  Plasmodium  telomere 
YACs.  Methods  for  the  manipulation,  growth,  and  storage  of  yeast 
strains  are  described  by  Sherman  et  aL  (1986).  Spheroplast  transfor¬ 
mation  of  yeast  was  performed  by  the  method  of  Burgess  and  Percival 
( 1987)  using  the  modifications  described  by  McCormick  et  aL  ( 1990), 
with  the  exception  that  polyamines  were  excluded.  Ten  microlitars  of 
the  ligation  mixture  was  used  in  the  yeast  transformations.  Transfor¬ 
mants  were  selected  on  media  that  lacked  either  uracil  and  tryptophan 
(pYAC4  library)  or  uracil  alone  iPtasmodium  telomere  YACs). 


P.  falciparum  p  V'.ACJ  library-  organization.  The  p  YAC4  library  was 
organized  and  prepared  for  screening  as  adapted  from  Heard  et  ai. 
(1989)  and  Green  and  Olson  (1990).  Individual  clones  were  trans¬ 
ferred  to  microtiter  places  containing  uracil-deficient  media  and 
grown  for  2  days.  Prior  to  long-term  storage  at  —TO^C,  replica  plates 
were  made.  From  one  set  of  replica  places,  all  the  clones  on  a  single 
place  were  pooled  and  grown  for  an  additional  day.  Yeast  genomic 
DNA  was  then  prepared  (the  primary  DNA  pool)  as  described  by 
Sherman  et  aL  (1986).  From  the  other  replica  plates,  secondary  pools 
of  DNA  that  represented  pools  of  clones  in  each  row  and  column  of  a 
single  primary  plate  were  prepared. 

PCR  screening  of  pYACi  library.-.  PCR  analysis  was  used  to  iden¬ 
tify  specific  clones  in  the  library  by  first  identifying  the  positive  pri¬ 
mary  DNA  pools  and  then  finding  the  corresponding  positive  row  and 
column  of  the  microciter  plate  by  screening  the  secondary  DNA  pools. 
After  preliminary  identification  by  PCR  analysis,  clones  were  then 
confirmed  by  Southern  analysis  of  PFG-separated  YACs  using  gene- 
sp,.cific  probes.  PCR  analysis  was  performed  using  a  Perkin-Elmer 
Cetus  DNA  thermal  cycler.  One  microlicer  of  t.he  DNA  pool  was  used 
for  each  25->il  PCR  reaction  (PCR  conditions:  50  ng  of  each  PCR 
primer.  200  mA/  of  each  dNTP,  0.5  U  of  Tag  DNA  polymerase  ( Ampii- 
Taq,  Perkin-Elmer  Cetus).  50  m-\f  KCI.  1.5  m.Vf  MgCl-,  and  10  mrVf 
Tris  (pH  8.3)).  Thirty-five  cycles  of  PCR  were  run  for  1  min  at  94°C.  2 
min  at  the  annealing  temperature  i  5’C  less  than  the  calculated  melt¬ 
ing  temperature  of  the  lowest  melting  primer),  and  3  min  at  72°C. 
Primer  sets  used  for  the  identification  of  specific  Y.AC  clones  in  the 
library  were  as  follows;  KAHRP  ( Triglia  et  aL.  1987) — 389.  T.AC  CAT 
CGA  CAA  CAT  TTT  CCT:  and  407,  T.AA  TCC  TCC  TAG  T.AA  TG A 
.ACC.PFMDRl  (Foote  etal..  1989)— 40.32.  .ACA  TTAT.AT  T.AA  AAA 
ATG  AT;  and  4792.  TAT  AAA  TAC  ATA  TAT  .ATA  TAT  ATA.  CSP 
(Dame  et  aL.  1984)— 1480— CAA  TTC  .ATG  .ATG  AGA  AAA  TTA 
GCT;  and  1481.  CAT  CTT  TAC  CTT  CAC  GAC  C.  CARP  I  Wahlgren 
etaL.  1986)— 1627,  GGT  CTG  TCC  ATT  CAC  TAG  GTA  TGT  GGA: 
and  18S2.  ACA  ATA  GCG  AGA  ATT  TCC  AAG  G.  SERA  (Bzik  et  aL. 

1988) — 1625,  TGA  ACT  TGA  ACT  AGA  ACT  TGA  ACT  TGA  ACT: 

and  1851.  CAG  GAG  GAG  GTC  AAG  CAG  GTA  ATA  C.  P-195 
(MSAl  or  P.MMSA;  .Mackay  et  aL.  1985)— 966,  GAT  CAC  TTG  T.AA 
ATG  TTA  .ATT  G;  and  974.  GTT  .AAT  GAA  ATA  TAT  ATA  ATT 
ACA  CAA  CTT  .AAT  AAA  ATG.  .MSA2  (Smythe  et  aL.  1988)— 1866. 
GCA  .ACA  CAT  TCA  TAA  ACA  .ATG  C;  and  1867.  CAT  TTG  .ATT 
TAG  TTT  G.AG  ACT  C.  GBP- 130  (Kochan  et  aL.  1986)— 705.  GTA 
AGC  AGA  AAA  GGA  ATG  GTG:  and  975.  GTT  GAA  ATT  T.AT 
ATA  AACCTA  CAA  TTA  GCT  ATT  TC.  EBA175  (Sim  et  aL.  1990) 
— 5A.  GTT  .AAT  .ATG  AAT  GTT  GAG  AA;  and  5B.  ACT  ATG  .ATT 
AAT  TTG  ACT  TC.  _ 

Stability  of  pY.ACL  clones.  Five  milliliters  of  uracil-  and  adenine- 
supplemented  .AHC  media  were  inoculated  with  a  YAC  clone  taken 
from  the  frozen  master  plate.  .AHC  is  a  rich  uracil  and  tryptophan 
dropout  medium  containing  casein  hydrolysate  (Brownstein  et  oL. 

1989) .  and  yeast  cultured  in  .ACH  reach  much  higher  cell  densities 
than  those  in  minim  al  media.  The  yeast  were  then  grown  at  30°C  to  an 
OD«00  >4(1  ODno  “  3  X  10’  cells/ml).  Prior  to  harvesting  the  YACs 
for  PFG  analysis  at  this  “initial"  time  point.  2.5  al  of  the  cell  suspen¬ 
sion  was  used  to  inoculate  25  ml  of  fresh  media.  The  cells  were  then 
grown  for  48  h  until  the  00«o  was  >7  (below  saturation),  which  is 
equivalent  to  12-14  generations.  .Again  a  2.5-ui  aliquot  was  removed 
and  used  to  inoculate  25  ml  of  fresh  media.  This  was  repeated  at  48-h 
intervals  and  the  yeast  were  harvested  for  PFG  analysis  at  time  points 
equivalent  to  25.  50.  and  To  generations. 

FOA  treatment  of  YAC  clones.  Primary  transformants  from  the 
Plasmodium  telomere  cloning  experiments  were  picked  into  micro¬ 
titer  wells  containing  200  jil  of  uracil-deficient  medium.  After  .36  h 
growth,  7.5-al  aliquots  were  replica  plated  onto  5-Huoro-orotic  acid 
(FOA.  PCR  Incorporated  (Sikorski  and  Boeke.  1991))  and  uracil-defi¬ 
cient  plates.  The  degree  of  papillation  was  scored  after  4  days  growth 
at  .30*C.  Colonies  that  did  not  grow  or  papillated  at  low  frequency 
relative  to  a  yeast  strain  containing  the  p-lS97  plasmid  were  chosen 
for  further  analysis.  Or.  Arthur  Lustig  (Sloan- Kettering  Institute. 
New  York,  NY)  suggested  using  FOA  as  a  selection  method  and  gener¬ 
ously  supplied  the  compound.  A  filter  replica  was  made  of  these  colo¬ 
nies  onto  SUREBLOT  nylon  membranes  (Oncor)  as  described  by 
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Burke  and  Olson  (1991)  with  the  exceptions  that  Kticase,  0.1  M  so¬ 
dium  citrate.  50  mi\f  EDT.A,  and  15  m.V/  DTT  were  replaced  with  2.5 
ag/ml  Zymolyase  20T  (ICN  Immunobiochemicals),  1  M  sorbitol.  10 
m.V/  sodium  phosphate  ipH  7.5).  10  m.\l  EDT.\.  and  30  mAl  2-mer- 
captoethanol. 

Mapping  YAC  clones  and  pubed-iield  gel  electrophoresis.  Parasite 
DMA  was  prepared  for  PFG  analysis  by  embedding  the  infected  eryth¬ 
rocytes  in  an  equal  volume  of  1.25%  Incert  Agarose  iFMC)  in  TE  (10 
rmVfTris  (pH  3.0)  and  1  mAf  EDTA)  and  then  aiiquoting  100  ul/block. 
The  embedded  parasites  were  then  lysed  by  adding  the  blocks  to  ESP 
(0.5  M  EDT.A  (pH  8.5).  1%  iV-lauryl  sarcosine.  and  2  mg/ml  Protein¬ 
ase  K)  and  incubating  at  55'’C  for  36  h.  Y.ACs  were  grown  under  selec¬ 
tive  conditions  for  2  days,  harvested  by  centrifugation  (30(K)  rpm  for  5 
min),  and  washed  once  with  distilled  water  followed  by  1  M  sorbitol. 
The  yeast  were  resuspended  in  an  equal  volume  of  SPEM  (1  M  sorbi¬ 
tol.  10  mjVf  sodium  phosphate  (pH  7.5).  10  miVf  EDT.A.  and  30  nuVf 
2-mercaptoethanol)  and  Zymolyase  20T  added  to  a  final  concentra¬ 
tion  of  5  ug/100  pi  of  cell  suspension.  The  cells  were  incubated  for  1-2 
h  at  Z1°C,  embedded  in  an  equal  volume  of  1.25%  Incert  agarose,  and 
lysed  in  ESP  as  described  above. 

Prior  to  restriction  enzyme  digestion  of  embedded  DNA.  the  aga¬ 
rose  blocks  were  dialyzed  extensively  against  ET  (50  mM  EDT.A.  10 
imV/  Tris  (pH  3.0))  with  1  mjVf  PMSF  (phenylmethylsulfonyl  fluo¬ 
ride).  followed  by  ET  alone  and  TE.  Individual  blocks  were  trans¬ 
ferred  to  2-ml  microcentrifuge  tubes  and  equilibrated  for  1  h  in  IX 
restriction  enzyme  burfer.  Four  hundred  microliters  of  fresh  restric¬ 
tion  enzyme  burfer  with  60  U  of  enzyme  was  added  to  the  tube,  and  the 
digestion  was  carried  out  overnight. 

Puised-field  gel  electrophoresis  analysis  was  performed  using  a  Bio- 
Rad  CHEF  DR-II  with  0.3x  TBE  as  the  running  burfer.  1%  LE  aga¬ 
rose  i  FMC)  gels,  and  a  constant  temperature  of  14°C.  Pulse  times  and 
voltages  varied  for  individual  runs  and  are  indicated  in  the  figure  leg¬ 
ends.  Prior  to  transfer  to  supported  nitrocellulose  (Schleicher  and 
Schuell).  gels  were  exposed  to  UV  light  (600  mJ  of  energy  from  a  Stra- 
talinker  (Stratagenel). 

Hybridisation  probes.  The  pBB322  probes  for  the  YAC  vector 
arms  are  described  in  Burke  et  aL  (1987).  The  P-195  probe  is  the 
EcoRl/Bglll  fragment  from  the  genomic  P-195  clone  described  in 
Mackay  et  aL  (1985).  the  KAHRP  probe  (LP-20)  is  described  in  Po- 
loge  and  Ravetch  11986).  The  GBP-130  probe  (8822)  is  described  in 
Lanzer  et  aL  (1992).  The  PFrep20  probe  is  the  EcoRI/ffindlll  frag¬ 
ment  described  in  Patarapotikul  and  Langsley  ( 1988).  The  oligonucle¬ 
otide  probe  specific  for  the  P.  falciparum  telomere  repeat  sequence 
lOL-PFTel)  is  5--GGGTTTA  GGGTTT.A  GGGTTT.A  GGGTTTA- 
.3'.  DNA  fragments  were  labeled  by  random  priming,  and  oligonucleo¬ 
tide  probes  were  end  labeled  as  described  in  Sambrook  et  aL  ( 1989). 
Hybridization  conditions  are  described  in  Kochan  et  oL  (1986)  and 
Pologe  et  cd.  (1990). 

Bai3l  Digestion.  Five  micrograms  of  DNA  from  a  putative  Plas¬ 
modium  telomere  YAC  clone  was  created  with  1  U  of  BofSl  according 
to  the  manufacturer's  (New  England  Biolabs)  specification  in  a  vol¬ 
ume  of  210  (il.  At  the  designated  time  points.  .30-«l  aliquots  were  re¬ 
moved  and  brought  to  25  mM  with  EGTA.  heated  at  70*C  for  10  min. 
and  then  precipitated  with  ethanol.  The  DNA  samples  were  then  di¬ 
gested  with  Psal.  fractionated  on  a  1%  TBE  agarose  gel.  and  trans¬ 
ferred  to  supported  nitrocellulose. 

End  rescue  of  Plasmodium  telomere  YAC  clone.  The  end  rescue  of 
sequences  from  Y.ACs  in  pJS97  is  essentially  as  descnbed  by  Shero  et 
aL  (1991)  with  the  following  exceptions:  after  BamHI  digestion  and 
ligation,  the  sample  was  ethanol  precipitated  and  resuspended  in  20 
of  TE.  Five  microiiters  was  used  for  electrotransformation  of  SURE 
Escherichia  coli  (Stratagene)  using  a  Bio- Rad  gene  pulsar  device  set  at 
25  uF.  200  ohm.  and  2.5  kV.  After  selection  on  ampicillin.  plasmid 
DNA  was  isolated  by  a  mini-prep  procedure  (Sambrook  et  aL.  1989). 
and  the  end- rescued  fragment  of  800  bp  was  used  as  a  probe. 

RESULTS 

Y.AC  Library  Construction 

The  P.  falciparum  strain  FCR3  (Jensen  and  Trager. 
1978)  was  chosen  as  the  DNA  source  for  the  YAC  library 
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FIG.  1.  Size  range  of  P.  falciparum  pYAC4  clones.  EcoRI  par¬ 
tially  digested  parasite  DNA  was  cloned  into  pVAC4  and  transformed 
into  yeast.  Fifteen  transformants  were  picked  at  random  after  being 
color  assayed  for  inserts  and  prepared  for  PFG  chromosomal  analysis. 
PFG-separated  I  ramped  pulse  time  from  5  to  30  s  over  22  h  at  ISO  V) 
YACs  were  transferred  to  supponed  nitrocellulose  prior  to  hybridiza¬ 
tion  with  a  probe  to  the  left  arm  of  pY.AC4. 

because  the  strain  is  well  characterized  and  is  readily 
available  to  other  researchers.  Parasite  DNA  for  the 
YAC  library  was  prepared  in  aqueous  form  and  care  was 
taken  to  minimize  shearing  (see  Materials  and  Meth¬ 
ods).  The  size  of  the  undigested  DNA  was  approximately 
650  kb,  and  partial  digestion  with  PcoRI  yielded  frag¬ 
ments  that  ranged  in  size  from  30  to  400  kb  (data  not 
shown).  The  parasite  DNA  was  cloned  into  the  £coRI 
site  of  the  YAC  cloning  vector  pYAC4.  Transformants 
were  selected  on  uracil-  and  tryptophan-deficient  sorbi¬ 
tol  agar  plates.  Random  clones  were  picked  and  tested 
for  inserts  by  color  assay  (Burke  et  aL,  1987).  Of  60  colo¬ 
nies  assayed.  52  were  positive,  indicating  that  approxi¬ 
mately  86%  of  the  primary  transformants  contained  in¬ 
serts. 

Random  clones  were  analyzed  by  PFG  to  determine 
the  size  range  of  the  inserts.  .After  Southern  blotting  the 
PFG,  the  membrane  was  probed  with  a  pBR322  frag¬ 
ment  specific  for  Che  Y.AC  vector  left  arm.  Figure  1 
shows  a  typical  PFG  containing  15  random  Y.ACs  that 
range  in  size  from  30  to  290  kb.  The  largest  Y.AC  clone 
found  in  the  library  is  350  kb  (data  not  shown),  and  the 
average  clone  size  is  approximately  100  kb.  To  establish 
a  library,  primary  transformants  were  picked  and  color 
was  assayed  for  inserts.  Of  1300  transformants  assayed, 
1056  positive  clones  were  transferred  to  96-well  micro¬ 
titer  plates  (see  Materials  and  Methods).  Since  the  size 
of  the  P.  falciparum  genome  is  3  X  10'  bp  and  the  average 
size  of  the  Y'ACs  is  100  kb,  the  library  is  predicted  to 
have  a  redundancy  of  between  3  and  4  for  single-copy 
genes. 

Representation  of  the  p  YAC4  Library 

A  PCR-based  strategy  was  used  to  identify  individual 
genes  present  in  the  library  (see  Materials  and  Meth¬ 
ods).  The  11  primary  pools  of  DNA  (each  pool  repre¬ 
sents  all  clones  from  a  single  microtiter  plate)  were 
screened  using  oligonucleotide  primers  specific  for  the 
nine  loci  (representing  six  different  chromosomes) 
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TABLE  1 


Representation  of  Loci  in  the  YAC  Library 


Locus 

Chromosome 

No. 

Size  tkb) 

KAHRP 

2 

5 

so.  73,  50.  40,  30 

PFMDRl 

•3 

5 

N/D 

CSP 

3 

4 

no.  100 

CARP 

N/D 

4 

230,  190.  180.  145 

SER.A 

2 

3 

170,  125,  55 

P-195 

9 

3 

75,  60,  55 

MSA2 

■t 

2 

170,  150 

GBP-130 

10 

2 

110.  60 

EBA-175 

4 

1 

30 

yoce.  KAHRP,  knob«associated  histidine-rich  protein:  PFMDRl, 
P.  falciparum  multidrug  resistance  gene  1:  CSP.  circumsporozoite  pro¬ 
tein:  Carp,  clustered  asparagine-rich  protein;  SERA,  serine  repeat 
antigen:  P*195.  merozoice  surface  antigen  1  (MSAl)  or  precursor  of 
major  merozoite  surface  antigen  iPMMSA);  MSA2.  merozoite  surface 
antigen  2:  GBP-130,  giycophorin  binding  proiein-130:  EBA-IT5. 
er>’ihroc\’te  binding  antigen- 1T5.  Chromosome,  parasite  chromosome: 
No.,  number  of  primary  DNA  pools  positive  for  the  locus  by  PCR;  and 
Size,  size  of  YAC  clone  isolated  by  a  second  round  of  PCR  using  sec¬ 
ondary  pools  of  DNA  as  determined  by  PFG.  Only  two  of  the  four 
primary  YAC  clones  were  isolated  for  the  CSP  locus-  The  sizes  of  the 
PFMDRl  YACs  were  not  determined  (N/D).  The  CARP  gene  has 
been  reported  to  be  located  on  Chromosome  2  (Wellems  et  ai.  1991). 
However,  probes  to  CARP  and  probes  recovered  from  the  ends  of  the 
CARP  YACs  hybridize  not  co  Chromosome  2,  but  zo  a  much  larger 
undetermined  chromosome  (N/D). 

shown  in  Table  1.  All  loci  examined  were  represented  in 
the  library,  and  six  of  the  nine  were  present  either  at  or 
above  the  predicted  frequency  of  3-4  clones  per  single¬ 
copy  gene.  Individual  YAC  clones  were  isolated  from 
eight  of  these  loci  by  another  round  of  PCR  using  DNA 
from  secondary  pools  of  clones  that  represented  each 
row  and  column  of  the  positive  primary  microtiter  plate. 
The  22  clones  isolated  ranged  in  size  from  30  to  280  kb 
with  an  average  size  of  105  kb  (Table  1). 

Integrity  and  Stability  of  Plasmodium  YAC  Clones 

The  YAC  clones  from  a  representative  region  of  para¬ 
site  DNA,  the  P-195  locus  (known  also  as  MSAl  or 
PMMSA;  Holder  et  aL.  1985;  Mackay  et  ai,  1985),  were 
chosen  for  detailed  mapping  studies  to  determine 
whether  the  YAC-cloned  DNA  was  identical  to  the  na¬ 
tive  parasite  DNA.  Figure  2  shows  a  typical  PFG  map¬ 
ping  experiment  for  the  three  P-195  YACs  identified. 
The  YACs  are  75, 60,  and  55  kb  in  size,  and  when  restric¬ 
tion  enzyme  maps  of  the  YACs  are  compared  to  FCR3 
genomic  DNA  (Fig.  2),  the  fragments  are  identical,  indi¬ 
cating  that  no  obvious  rearrangements  have  occurred. 
Additional  long-range  restriction  mapping  of  YACs 
from  two  other  loci,  the  GBP-130  (Lanzer  et  aL,  1992) 
and  the  KAHRP  (de  Bruin  etoL,  manuscript  in  prepara¬ 
tion),  gave  similar  results. 

Since  the  major  concern  with  P.  falciparum  genomic 
clones  is  stability,  the  behavior  of  six  Y’AC  clones  in 
long-term  cultures  was  examined  (Fig.  3).  Two  YACs, 
each  from  the  GBP-130  locus  (Fig.  3A).  the  KAHRP 


locus  (Fig.  3B),  and  the  P-195  locus  (Fig.  30,  were  mon¬ 
itored  for  gross  rearrangements  in  size  over  25,  50,  and 
75  consecutive  generations  of  growth  in  selective  media. 
When  Southern  blot  analysis  using  gene-specific  probes 
against  PFG-separated  Y.A.C3  was  performed,  no  obvi¬ 
ous  changes  were  detected  over  this  time  course.  In  addi¬ 
tion,  a  comparative  Hindlll  restriction  analysis  between 
the  two  P-195  YACs  and  genomic  FCR3  parasite  DNA 
revealed  no  smaller  rearrangements  of  the  Y.A.C -cloned 
DNA  during  propagation  (Fig.  3D).  Together  the  data 
presented  in  Figs.  2  and  3  show  that  unlike  parasite  geno¬ 
mic  clones  in  bacterial  hosts,  P.  falciparum  DNA  is 
stable  in  yeast. 

YAC  Cloning  P.  falciparum  Telomeric  DNA  Fragments 

Due  to  the  unique  structure  of  the  ends  of  chromo¬ 
somes,  these  sequences  are  underrepresented  in  stan¬ 
dard  YAC  libraries.  Our  interest  in  the  telomere-proxi¬ 
mal  regions  of  P.  falciparum  chromosomes  required  a 
method  for  obtaining  large  telomeric  DNA  fragments. 
The  successes  in  cloning  human  telomeres  by  comple- 
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FIG.  2.  Integrity  of  YAC  clones  from  a  representative  locus. 
Three  YACs  were  isolated  from  the  library  by  PCR  using  oligonucleo¬ 
tide  primers  specific  for  the  P.19.o  gene,  (a)  Comparison  of  the  restric¬ 
tion  digests  of  YAC  clones  B  ( YPFBB6).  I  ( YPFIF5).  and  J  ( YPF.JH4) 
with  genomic  FCR3  parasite  DNA  (PF).  PFG-separated  (ramped 
pulse  time  from  2.5  to  12  s  over  20  h  at  180  VI  restriction  enzyme 
digtsuof  agarose-embedded  DNAs  were  Southern  transferred  to  sup¬ 
ported  nitrocellulose  and  hybridized  with  a  probe  to  the  P-195  gene, 
(b)  Long-range  restriction  maps  of  the  P-195  locus  and  YAC  clones. 
H.  Hindlll;  B.  BamHI;  X.  .V6al. 
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mentation  in  yeast  using  Y AC -based  systems  (Rieth- 
man  et  ai,  1989;  Cross  et  ai,  1989;  Brown,  1989)  sug¬ 
gested  that  similar  methods  for  cloning  P.  falciparum 
telomeric  regions  could  be  used.  Since  the  parasite  telo¬ 
mere  repeat  (GGGTT(T/C)A)  is  similar  to  the  human 
repeat  sequence  (GGGTTA),  a  YAC-based  approach  to 
isolating  telomeric  regions  seemed  feasible. 

.After  Nhel  restriction  enzyme  digestion  of  FCR3 
DNA,  the  sizes  of  the  DNA  fragments  that  hybridize 
with  an  oligonucleotide  probe  specific  for  the  P.  falci¬ 
parum  telomere  repeat  sequence  (OL-PFTel)  are  be¬ 
tween  30  and  200  kb  (data  not  shown).  A^hel-digested 
parasite  DNA  was  ligated  with  a  50X  molar  excess  of  the 
Y.AC  vector  pJS97.  .After  transformation  into  yeast,  mi¬ 
totic  stability  of  the  linearized  vector  requires  comple¬ 
mentation  by  parasite  sequences  that  can  function  as 
substrates  for  a  putative  yeast  telomerase. 

To  enrich  for  large  linear  clones  and  remove  any  plas¬ 
mid  background,  the  behavior  of  the  transformants 
when  plated  onto  5-fluoro-orotic  acid  agar  plates  was 
observed.  FOA  is  a  pyrimidine  analog  that  is  toxic  to 
yeast  if  they  contain  the  URA3  gene,  which  encodes  an 
enzyme  required  for  uracil  biosynthesis  (Boeke  et  al.. 
1984).  ura3  cells  are  resistant  to  FOA  and  the  loss  of 
L'RA3  from  a  yeast  can  be  monitored  as  growth  on  FOA. 
When  URAJ  is  contained  on  a  plasmid,  the  frequency  of 
loss  is  much  higher  than  that  of  a  wildtype  chromosomal 
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FIG.  3.  Stability  of  P.  falciparum  YAC  clones  in  culture.  YAC 
clones  from  loci  on  three  different  chromosomes,  the  GBP-130 
(YPFGC12  and  YPFFF12.  A),  the  KAHRP  (YPFEC3  and 
YPFHG12.  B).  and  the  P-195  (YPFIF5  and  YPF.m4.  C),  were  grown 
from  the  frozen  master  plates  in  selective  media.  PFG  sample  blocks 
were  prepared  from  the  yeast  at  the  initial  time  point  ( Lane  I)  and  at 
time  poinu  representing  25.  30,  and  TS  consecutive  generations  from 
the  initial  inoculation.  (A,  B,  C)  PFC-separated  YACs  15  to  20  s  over 
18  h  at  180  V>  that  have  been  Southern  blotted  and  hybridized  with 
gene-specific  probes,  i  D)  A  comparison  between  //indlll  digests  of  the 
P  l95  YACs  and  FCR3  DNA  iPF).  The  digests  were  separated  as 
above,  and  Southern  analysis  was  performed  using  the  P-  195-specitic 
probe. 
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FIG.  4.  Analysis  of  P.  falciparum  telomere  YAC  clones-  Nine  pu¬ 
tative  parasite  telomere  YACs  were  PFG  separated  i  ramped  pulse 
time  from  5  to  25  s  over  22  h  at  180  V'l  and  analyzed  by  Southern 
analysis:  ( A>  YACs  hybridized  to  a  probe  specific  tor  the  parasite  telo¬ 
mere  repeat  (OL*PFTel)  and  iB)  YaCs  hybridized  to  a  probe  tor  the 
Plasmodium  subtelomeric  repeat  sequence.  PFrep20.  the  BalZl  exonu¬ 
clease  sensitivity  oi  one  parasite  telomere  YAC  clone  (T8)  is  shown  in 
C.  Yeast  genomic  mini-prep  DNA  from  TS  was  treated  with  Bm3I. 
Aliquots  were  removed  at  the  indicated  time  points  and  the  reaction 
was  stopped  by  the  addition  of  EGTA.  Samples  were  digested  with 
Rsal  prior  to  Southern  analysis  using  the  OL-PFTel  probe. 


URA3".  This  frequency  is  reflected  in  the  degree  of  pa- 
pillation  of  the  yeast  when  plated  onto  FOA.  Our  experi¬ 
ments  showed  that  if  the  URA3  is  contained  on  a  large 
(>35  kb)  Plasmodium  YAC  clone,  the  degree  of  papilla- 
tion  is  either  equivalent  to  or  slightly  I  two  to  three 
times)  higher  than  that  seen  for  the  yeast  chromosomal 
URAS".  In  addition,  short  (<20  kb)  linear  plasmids  (and 
presumably  the  smaller  Y.AC  clones)  behave  as  circular 
plasmids  and  papillate  at  much  higher  frequencies  (data 
not  shown).  These  differences  may  result  from  the 
greater  mitotic  stability  of  longer  linear  clones  (Murray 
et  aL,  1986). 

Putative  Plasmodium  telomere  Y.ACs  were  picif^d 
from  the  primary  transformants  in  top  agar  and  replica 
plated  onto  uracil-deficient  and  FOA  agar  plates.  The 
degree  of  papiilation  of  the  transformants  relative  to  the 
papillation  of  a  ura3  yeast  strain,  a  URA3'’  strain,  and  a 
strain  harboring  a  plasmid  copy  of  URA3  (pJS97)  was 
assayed.  Transformants  that  either  failed  to  grow  or  pa- 
piilated  at  low  frequency  were  picked  from  the  uracil 
minus  replica  and  transferred  to  microtiter  plates  for 
further  analysis.  The  clones  were  transferred  to  a  nylon 
filter  for  colony  screening  and  hybridized  against  the 
parasite  telomere  OL-PFTel  probe.  Of  the  192  clones 
examined,  66  (34%)  hybridized  to  this  probe. 

Figure  4A  shows  Southern  analysis  of  a  PFG  contain¬ 
ing  nine  putative  parasite  telomere  clones  hybridized 
with  the  OL-PFTel  probe.  These  clones  range  in  size 
from  40  to  130  kb.  Although  equivalent  amounts  of  DNA 
were  loaded  on  the  gel,  differences  in  the  intensity  of 
hybridization  to  OL-PFTel  are  seen.  This  may  result 
from  variations  in  the  number  of  parasite  telomere  re¬ 
peats  present  in  the  clones.  To  determine  if  the  parasite 
telomere  sequences  were  at  the  end  of  the  clones,  the 
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FIG.  5.  End-rescued  probe  from  telomeric  Y.AC  clone  T8  hybrid¬ 
izes  CO  a  single  parasite  chromosome.  DNA  sequences  adjacent  to  the 
Y.\C  cloning  vector  were  recovered  in  E.  cod.  A  fragment  of  300  bp  was 
recovered  and  used  to  probe  a  nitrocellulose  filter  of  PFG-separated 
tramped  pulse  time  from  To  to  330  s  over  50  h  at  150  V)  parasite 
chromosomes.  Parasite  strains  from  three  dilferent  geographical  re¬ 
gions  FCR3  (Gambiai,  HB2  (Honduras),  and  DlO  (New  Guinea)  are 
shown. 

hybridization  to  OL-PFTel  was  examined  after  treat¬ 
ment  with  Bai3l  exonuclease.  Figure  4C  shows  an  exam¬ 
ple  clone,  T8,  after  digestions  with  Bai3l  and  Rsal, 
Southern  blotting  and  hybridization  with  OL-PFTel. 
The  diffuse,  smeared  band  seen  at  time  zero  is  charac¬ 
teristic  of  DN.A  fragments  from  chromosome  ends  that 
are  associated  with  variable  lengths  of  telomere  repeats. 
The  rapid  disappearance  of  the  parasite  telomere  hybrid¬ 
izing  sequence  relative  to  a  more  telomere-distal  se¬ 
quence,  the  LJRA3  gene  on  the  pJS97  vector  (data  not 
shown)  demonstrates  that  this  repeat  sequence  is  at  the 
end  of  the  Y.-\C  clone. 

The  chromosome  end  origin  of  these  Plasmodium  te¬ 
lomere  repeat  sequences  was  determined  by  examining 
the  clones  for  hybridization  to  parasite  sequences  that 
are  found  exclusively  in  subtelomeric  regions.  The 
PFrep20  sequence  is  a  21-bp  repeat  that  has  been  found 
to  be  associated  only  with  the  telomeric  DNA  fragments 
of  P.  falciparum  chromosomes  (Patarapotikul  and 
Langsley,  1988).  In  addition,  PFrep20  sequences  can  be 
lost  from  either  end  of  a  chromosome  as  a  result  of  the 
deletion  events  that  lead  to  chromosomal  polymor¬ 
phisms  (Kemp  et  oL,  1990).  Figure  4B  shows  that  five  of 
the  nine  Plasmodium  telomere  YAC  clones  are  positive 
by  hybridization  to  PFrep20.  The  data  presented  in  Fig. 
4  suggest  that  true  parasite  telomeric  fragments  have 
been  cloned.  However,  these  data  cannot  rule  out  the 
possibility  that  some  internal  telomere  repeat-like  se¬ 
quences  may  also  have  been  cloned  in  this  experiment. 

The  DNA  sequences  adjacent  to  the  Nhel  cloning  site 
of  the  T8  telomere  clone  were  recovered  in  E.  coli  and 
used  as  a  probe  against  Southern-blotted,  PFG-sepa¬ 
rated,  parasite  chromosomes.  A  fragment  of  approxi¬ 
mately  800  bp  was  end  rescued,  and  this  probe  hybrid¬ 
izes  to  a  single  large  parasite  chromosome  (possibly 
Chromosome  10)  (Fig.  5).  Parasite  strains  from  three 
different  geographical  regions,  Gambia  (FCR3),  Hon¬ 
duras  (HB2),  and  New  Guinea  (DlO),  are  shown  in  Fig. 


5.  and  hybridization  with  this  end  probe  demonstrates  a 
typical  chromosomal  polymorphism. 

DISCUSSION 

Despite  being  a  major  health  threat  to  most  of  the 
world’s  population,  little  is  known  about  the  molecular 
biology  of  P.  falciparum.  The  unusual  plasticity  of  the 
parasite’s  genome  offers  a  unique  system  in  which  to 
study  chromosome  structure,  stability,  and  polymor¬ 
phism.  Essential  methods  of  molecular  biology,  such  as 
the  cloning  of  large,  stable,  tracts  of  parasite  DN.A  in 
bacteria,  the  ability  to  transfect  exogenous  DN.A  into  P. 
falciparum,  and  the  in  vitro  culture  of  the  entire  parasite 
life  cycle,  currently  are  unavailable  to  researchers.  Fur¬ 
thermore,  classical  genetic  analysis  of  the  parasite  is  un¬ 
feasible  on  a  routine  basis  due  to  the  complex  life  cycle  of 
P.  falciparum,  which  alternates  between  vertebrate  and 
invertebrate  hosts.  Toward  overcoming  these  limita¬ 
tions  by  providing  a  stable  source  of  cloned  genomic  par¬ 
asite  DNA,  we  have  constructed  a  representative  geno¬ 
mic  library  from  P.  falciparum.  Initial  studies  indicated 
that  parasite  DNA  could  be  stably  propagated  in  a  yeast 
host  (Triglia  and  Kemp.  1991).  This  report  details  the 
construction  of  a  stable,  representative,  and  unrear¬ 
ranged  yeast  artificial  chromosome  library  from  P.  falci¬ 
parum  and  the  YAC  cloning  of  parasite  telomeric  DNA 
fragments. 

A  pYAC4  library  of  1056  clones  with  an  average  insert 
size  of  100  kb  has  been  established.  Since  only  300  clones 
of  100  kb  each  are  needed  to  represent  the  entire  30-Mb 
parasite  genome  once,  the  Plasmodium  pYAC4  library 
constructed  was  predicted  to  have  a  three-  to  fourfold 
redundancy  for  single-copy  genes.  Of  the  nine  loci  exam¬ 
ined  in  this  report,  all  %vere  represented  in  this  library  by 
at  least  one  clone  and  the  majority  (six  out  of  nine)  were 
present  either  at  or  above  the  expected  number.  In  addi¬ 
tion,  screening  the  pY.AC4  library  with  probes  that  aYe 
not  associated  with  any  known  coding  region  has  shown 
that  unlike  bacterial  libraries,  even  intergenic  sequences 
are  represented  in  the  Y.AC  library  at  expected  numbers 
(data  not  shown).  Long-range  restriction  enzyme  map¬ 
ping  of  P.  falciparum  YACs  has  found  no  obvious  differ¬ 
ences  between  the  restriction  enzyme  maps  of  the  Y.AC- 
cloned  DNA  and  that  of  the  native  genomic  parasite 
DNA  (this  paper;  Lanzer  et  ai,  1992).  Data  on  the  long¬ 
term  stability  of  six  independent  YAC  clones  monitored 
over  75  generations  also  support  the  observation  that 
yeast  can  stably  maintain  large  tracts  of  parasite  DNA. 

The  ends  of  P.  falciparum  chromosomes  appear  unsta¬ 
ble  and  are  frequently  deleted  both  in  the  wild  and  dur¬ 
ing  in  vitro  culture.  The  loss  of  telomeric  regions  results 
in  chromosomal  polymorphisms  through  a  mechanism 
of  chromosome  breakage  and  healing  by  de  novo  telo¬ 
mere  addition  at  the  breakpoint.  Polymorphisms  have 
been  studied  in  detail  for  parasite  Chromosomes  1,  2, 
and  8  (Pologe  and  Ravetch.  1986,  1988;  Pologe  ef  al., 
1990).  However,  it  is  not  yet  known  whether  such  telo¬ 
meric  deletions  can  occur  at  the  ends  of  all  parasite 
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chromosomes  or  if  some  chromosomes  are  resistant  to 
these  events.  Furthermore,  the  biological  implications  of 
such  events  remain  unclear.  To  study  the  structure  of 
the  chromosome  ends  and  the  mechanism  responsible 
for  generating  polymorphisms,  we  have  cloned  parasite 
"■elomeric  DNA  fragments  by  complementation  in  yeast. 
Of  nine  Plasmodium  telomere  clones  examined  in  detail, 
all  were  positive  by  hybridization  to  parasite  telomere 
repeal  sequences.  This  hybridization  was  sensitive  to 
Ba/31  exonuclease  activity  indicating  that  the  parasite 
telomere  repeats  were  located  at  the  end  of  the  YAC 
clone.  In  addition,  five  of  these  nine  were  positive  by 
hybridization  to  the  P.  falciparum  repeat  sequence 
PFrep20,  which  is  located  exclusively  in  subtelomeric 
regions.  Not  all  parasite  chromosomes  contain  PFrep20 
because  breakage  and  healing  events  that  generate  poly¬ 
morphisms  delete  these  sequences. 

These  Y.AC  clones  will  not  only  provide  important  re¬ 
agents  for  studying  the  organization  and  structure  of  the 
P.  falciparum  genome,  but  will  also  help  in  the  mapping 
and  positional  cloning  of  new  loci.  We  have  probed  YAC 
clones  from  the  GPB-130  locus  using  PCR-amplified, 
labeled  cDNAs  as  probes  (transcription  unit  mapping) 
and  have  identified  two  new  erythrocytic  stage  genes 
(Lanzer  et  al.,  1992),  Mapping  data  established  a  tight 
linkage  (<3  kb)  between  the  GBP- 130  and  a  newly  iden¬ 
tified  locus  called  the  3.8  gene.  Nuclear  run-on  analysis 
of  the  intergenic  region  has  shown  that  it  contains  mini¬ 
mal  regulatory  elements  required  for  transcription  initia¬ 
tion  and  termination.  This  is  a  vital  first  step  in  the 
development  of  a  parasite  transfection  system. 

Together  the  pYAC4  library  clones  and  the  Plasmo¬ 
dium  telomere  Y.\Cs  aid  in  constructing  contig  maps  for 
genetically  defined  loci,  such  as  the  chloroquine  resis¬ 
tance  locus  on  Chromosome  7  (Wellems  et  al.,  1991),  and 
for  entire  parasite  chromosomes.  Chromosomal  poly¬ 
morphism  through  breakage  and  telomere  healing  fre¬ 
quently  occurs  at  the  KAHRP  locus  of  Chromosome  2 
(Pologe  and  Ravetch,  1986,  1988).  Over  300  kb  from  the 
end  of  Chromosome  2  is  deleted  from  some  parasite 
strains,  and  we  have  recovered  this  telomeric  region  of 
the  chromosome  from  FCR3  as  contiguous  Y.AC  clones. 
With  the  YAC  clones  as  reagents  and  using  the  tran¬ 
scription  unit  mapping  methods  to  derive  probes,  we  can 
begin  to  examine  the  polymorphic  regions  of  parasite 
chromosomes  for  novel  sequences  and  new  genes.  The 
data  obtained  will  help  in  understanding  what  is  unique 
about  the.genome  organization  of  the  parasite  and  why  it 
has  evolved  such  great  diversity. 
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Transcription  mapping  of  a  100  kb  locus  of  Plasmodium 
falciparum  identifies  an  intergenic  region  in  which 
transcription  terminates  and  reinitiates 


Michael  Lanzer,  Derik  de  Bruin  and 
Jeffrey  V.Ra vetch 

lX.-Win  \V,iit.ivc  KcNcarvh  l.ahorator\ .  |)i\ision  ol  Mokvuldr  . 

Sloan  Kcitcrinu  IiivtiUilo,  'f  ork  A^ciuic.  Ncis  V«>rk.  N\‘  1(K)21. 
IS  A 

( \nii!nnnkati.’Li  h\  F’  Borsi 

V\e  have  mapped  Plasmodium  falciparum  ervthrocydc 
staj^e  Iraascription  units  on  chromosome  10  in  the  vicinity 
of  the  t>ene  encoding  the  glycophorin  binding  protein 
((;BP130)  using  yeast  artificial  chromosomes  (YACs). 
Three  erythrocytic  stage  transcription  units  are  clustered 
in  a  40  kb  region.  Two  of  these  genes  are  closely  linked, 
separated  by  <2  kb.  Nuclear  run-on  data  demonstrate 
that  transcription  of  these  tvso  genes,  though 
unidirectional,  is  monocistronic.  Within  this  intergenic 
region  are  the  sites  at  v^  hk'h  transcription  of  the  upstream 
gene  terminates  and  the  (JBP130  gene  initiates.  These 
studies  represent  the  First  description  of  the  minimal  and 
necessary  civ-acting  elements  for  transcription 
termination  and  initiation  in  this  protozoan  parasite. 
Ki  \  w/nis:  malaria  parasite  pronidior'RNA  processing 
SV'40  enhancer  \east  anitlcial  ehroniosomcs 


Introduction 

I  he  protozoan  parasite  responsible  tor  the  most  severe  form 
of  human  malaria.  PUisnuulmni  fokiparwu.  alternates 
between  vertebrate  and  invertebrate  hosts.  During  this 
complex  life  cycle  gene  expression  is  regulated,  as  indicated 
b\  the  accumulation  of  stage-specific  transcripts  (Ravetch 
<  /  ti!  .  IdH.x;  Pologe  and  Ravetch.  1986;  cl  al..  1989; 

VVesseling  ci  til..  1989).  The  mechanisms  regulating  gene 
expression  in  this  important  human  pathogen  are  largely 
unknow  n,  due  in  part  to  the  difficulties  of  cloning  and  stably 
maintaining  potential  regulatory  sequences  in  standard 
prokaryotic  vectors  and  hosts.  Frequent  deletion  and 
rearrangement  of  P  fulcipuriim  [fNA  has  been  observed  m 
Psdicru  hid  ciili  hosts  (Kochan  cl  at..  1986;  W'cliems  and 
Howard.  1986;  VVeber.  19881.  This  may  result  from  the 
exlrerne  A  v  T  content  of  the  parasite's  genome,  which  is 
-  8t)T  overall  and  approaches  90*?  in  non-ccxling  regions 
Kioman  a  at..  1982;  Pollack  dal..  1982).  Thus,  our 
knowledge  of  the  P.  falciparum  genome  has  been  largely 
restricted  to  short  and  isolated  fragments  of  the  coding 
region,  w  ith  little  information  on  the  organization  of  genes 
or  the  elements  that  regulate  tran.scnption.  Defining  these 
eleiiK’nts  wxvuld  help  in  our  understanding  of  the  mechanisms 
regulating  gene  expression  and  host  switching.  Furthermore, 
a  baste  understanding  of  the  structural  elements  involved  in 
transcriptional  processes  is  a  necessary  first  step  for  the 
development  of  a  transfection  protcKol  for  PlusmotJium. 

Large  fragments  irf  P  falciparum  DNA  have  been  cloned 


and  propagated  as  artificial  chromosomes  in  yeast  (Triglia 
and  Kemp.  1991;  de  Bruin. D..  Lanzer. M.  and  Ravetch.J.  V.. 
manuscript  in  preparation),  suggesting  that  DNA  from  this 
parasite  can  be  stably  maintained  in  the  yca.st  host.  YAC 
clones  spanning  a  100  kb  region  of  the  GBP130  locus  were 
isolated  and  erythrocytic  stage  transcripts  were  mapped.  Two 
additional  transcription  units  were  identified  Hanking  the 
GBPL30  gene.  Using  nuclear  run-on  a.s.says.  these  transcripts 
were  shown  to  be  montKistronic.  Sequence  analysis  revealed 
that  the  transcripts  are  continuous  with  their  DNA.  Bv 
mapping  the  termination  and  initiation  sites  for  these  genes 
a  short  intergenic  region  has  been  identified  in  which  the 
minimal  sequence  elements  required  for  these  proces.ses  must 
be  contained.  A  structural  motif  within  this  intergenic  region 
reveals  homologies  to  another  plasmodial  upstream  region, 
suggesting  common  elements  involved  in  transcriptional 
priKesses  of  the.se  genes. 

Results 

Clustering  of  blood  stage  genes  on  chromosome  10 
in  the  vicinity  of  the  GBP  130  gene 

A  P.fakiparum  YAC  library  was  constructed  by  cloning 
genomic  DNA.  partially  digested  with  £(oRL  into  the  YAC 
vector  pYAC4  (de  Bruin. D..  Lanzer. M.  and  Ravetch.J. V.. 
manuscript  in  preparation).  YAC  clones  containing  the 
GBP  1 30  gene  were  identified  by  PCR  analysis  using 
oligonucleotides  derived  from  the  GBPL30  ccxling  region. 
Two  YAC  clones,  designated  FFI2  and  GCI2.  with  insert 
sizes  of  1(X)  and  50  kb.  respectively,  were  obtained.  The 
two  YAC  clones  were  mapped  with  several  restriction 
enzymes,  including  BamHl.  Ncol  and  //mdlll.  The 
restriction  analysis  reveals  that  the  YAC  clone  GC12  is 
contained  within  clone  FFI2.  When  compared  with  total 
P. falciparum  genomic  DNA.  the  YAC  clones  were  found 
to  be  unrearranged  (Figure  lA).  These  clones  have  been 
stably  propagated  over  50  generations. 

To  determine  the  location  of  additional  erythrixytic  stage 
genes  surrounding  the  GBP  130  gene,  a  transcription  map 
was  derived.  DNA  was  prepared  from  yeast  cells  harboring 
the  GBPL30  YACs.  digested  with  the  appropriate  restriction 
enzymes,  size- fractionated  by  pulse-field  gel  electrophoresis 
and  transferred  to  nitrocellulose.  As  a  control.  DNA  from 
untransformed  yeast  cells  was  prepared  and  treated 
accordingly.  The  nitrtKellulose  filter  was  probed  with 
radiolabelled  total  cDNA  which  was  prepared  from 
poly(A)"  RNA  isolated  from  erythrocytic  stage  parasites. 
To  increase  the  hybridization  signals  the  cDNA  was 
amplified  by  PCR  using  GC  rich,  random  primers.  This 
choice  of  primers  favored  the  amplification  of  coding 
-scqucnt'cs  in  P. falciparum.  Since  the  distribution  of  GC  rich 
sequences  varies,  cDNA  species  are  amplified  unequally 
Therefore,  the  intensity  of  hybridization  signals  does  not 
necessarily  correlate  with  RNA  accumulation  or  RNA 
.stability  (see  Figures  3  and  4  for  comparison).  Hybridization 
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Hg.  1.  Siruciural  organi/alum  of  the  GliPl.M)  YAC  clones.  (A> 
Restriction  mapping!  P  fhhifHJntm  ijem^mic  DNA  (lanes  marked  P.f  >. 
(iBPLlO  YAC'  clone  DNA  (lanes  marked  FFi:  and  CiCi:. 
respectiveK  >  and  veast  DNA  (lane  marked  S  c.(  were  digested  with  the 
restriction  endonuclea.scs  indicated.  si/e  fracti<mate<i  b\  pulse -licld  gel 
electrophoresis  and  transferred  to  nitriKcllulosc  The  nitnKelluU>se 
filter  was  probed  with  a  cDNA  clone  to  the  CiBPMO  gene.  A  DNA 
s\/c  Standard  is  indicated  (B)  Transcription  mapping.  GBPl.K)  YAC' 
clone  DNA  iFF!2  and  GC'12)  and  yeast  DNA  (S  c  )  were  digested 
with  ,V<oI  and  //indlll.  respectively,  si/e- fractionated  hy  pulsc-ficid  gel 
electrophoresis  and  transferred  to  niircKcllulosc  The  nitr<Kclluh»sc 
filter  was  hyhridi/cd  with  a  radiolahcllcd.  total  cDNA  probe  The 
cDNA  was  generated  from  RNA  isolated  from  an  asy nchromnis 
cryihnvytic  eullure  of  FC'R.^  parasites.  Hybridization  signals  specific 
for  plasnuxliai  sequences  arc  identified  as  CJBPl.^O.  .VH  and  XI 
Additional  hybridization  signals  evident  on  the  autoradii^rams  were 
disregarded  since  they  also  appear  m  the  yeast  control  lane.  (C» 
Genomic  organization  and  restriction  map  of  the  CjBPI.^B  locus.  The 
iwo  fiBPI.'O  YAC’  clones.  FFI2  arhJ  GCJ2.  are  indicated  Shaded 
rectangles  indicate  the  Uxation  of  transcription  units  The  precise 
iiKation  I'f  the  .XI  transcription  unit  was  not  determined  as  denoted  by 
the  lagged  N)rdors  (N.  Wrd.  B.  BtiniHl,  H.  W/ndlMl 

signals  for  the  Na>\  and  W/ndlll  digests  are  shown  in 
Figure  IB.  The  patterns  were  related  to  the  restriction  map 
thereby  defining  a  chromosomal  transcription  map.  Bands 
that  were  also  present  in  the  control  lane  marked  S.c.  were 
disregarded.  In  addition  to  the  GBPI30  gene  at  least  two 
new-  erythr<x:ytic  transcription  units  were  identified  and 
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Kig.  2.  Genomic  organization  and  the  sequence  of  the  .fS  gene  and 
the  GBP13()  intergeme  region.  (A)  (ienomic  itrganization  and  clones 
Open  reading  frames  are  indicated  hy  rectangles,  Several  genomic  and 
cDNA  clones  arc  shown.  A  triangle  in  the  genomic  clone  2{U4 
indicates  an  internal  deletion  generated  during  cloning  in  H.coli 
(Kochan  ti  al  .  i^Sb).  (B)  Sequence  of  the  GBPl-M^  mtergenic  regu>n 
The  inicrgenic  region  is  flanked  by  the  3  8  and  GBPI30  open  reading 
fraPK's  as  indicated.  Two  polyadcnylation  sites  for  the  3.8  gene  arc 
underlined.  A  du' lication  of  305  bp  is  indicated  by  large  boxes.  .A 
sequence  clemcni  with  homology  to  the  SV4f)  core  enhancer  sequence 
IS  highlighted.  The  GBP1.3()  transcription  start  site  is  indicated  by  an 
arrowhead. 

designated  as  3.8  and  X I .  The  chromosomal  kxation  of  tliese 
transcription  units  is  shown  in  Figure  1C. 

Two  blood  stage  transcription  units  are  tightly  linked 

Restriction  mapping  of  this  locus  revealed  that  two  of  these 
bhxxl  stage  genes,  the  3.8  and  the  GBP1.30  genes,  are  lightly 
linked  by  a  short  intergenic  region  of  <  2  kb.  To  define  this 
intcrgenic  region  the  Itxrus  was  cloned  and  sequenced,  as 
prc.sented  in  Figure  2.  The  sequence  reveals  the  presence 
of  two  open  reading  frames,  separated  by  a  3  kb  region  of 
AT  rich  sequence,  characteri.stic  of  non-eexiing  sequence  in 
P.faldparum.  Probes  were  derived  from  the  5'  open  reading 
frame  and  used  to  isolate  cDNA  clones  from  a  library 
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Hy.  3.  Slavic  sptv I ‘'ic  cxprcssmn  ot  ihc  GBFl  ^0  and  VK  iienos.  Sta^c- 
'(KVilii.  RNA  'A  IS  i>olatcd  from  riny  (R).  trnphivnilc  (T)  and  schi/nnl 
iS)  parasites,  si/c  t''actionatcd  on  a  O.S'<  ayaroso  gel  and  tiansicrred 
t"  niinve'luiosc  •  he  nilnK.cilulosc  filters  v.ere  hshridi/cd  \Mth  a 
>.I)NA  elone  to  the  (IBPl.VJ  ^ent-  and  w-nh  the  eONA  clone  A-2.S  to 
the  '  S  eene,  respe<.:o.el>  An  R,\-\  m/c  standard  is  i/iduated.  I'nlike 
pre\hHi>K  published  results  iRa'i.teh  rial.  the  CiBPI30 

liatis,.ript  avi-unuilaies  onl\  in  trupho/oiies  The  separatum  ol  parasite 
^taees  b\  iKr^^oll  sorbitol  itraJient  centntu^ution  enabled  us  to 
deleniune  the  slace  specific  iransenplion  ol  this  gene  with  greater 
.u^iir.  \  iKiitner  <7  af  .  |dS5) 

generated  troni  asynehronously  growing  erythriK-ytie  stage 
parasites  iRaveteh  o  <//..  I‘^85l.  A  eoniparison  ot'the  eDNA 
seepienee  with  the  genonile  scquenee  revealed  an  intron  ol 
201  hp.  whieh  is  tlanked  by  eonsensus  aeeeptor  and  donor 
sites.  Thus,  the  linkage  of  two  blood  stage  genes  as  deduced 
from  the  transcription  map  is  confirmed  by  these  structural 
data. 

The  erythriK-ytie  stage-speeife  expression  of  these  two 
genes  was  determined  by  Northern  analysis.  Total  cellular 
RNA  was  isolated  from  the  ring,  trophi'zoite  and  sehi/oni 
intra-erythriKytie  h>rms  of  the  parasite.  When  the  Northern 
blot  was  hyhridi/ed  with  a  probe  to  the  .VX  gene,  a  single 
RN.A  species  of  .^  8  kb  was  observed  in  ring  and  trophozoite 
stage  parasites  (Figure  ,^).  Rohybridi/.ation  of  the  same  blot 
with  a  GBP  1.^0  probe  revealed  the  GBP  130  transenpt  ol 
6.6  kb  m  trophozoites  (Figure  3).  A  probe  from  the 
intergenie  region  did  mrt  hybridize  to  any  RNA  species  (data 
not  shown). 

Transcription  of  the  GBP  T  30  gene  is  monocistronic 
and  continuous 

\  nuclear  run-on  analysis  was  performed  to  determine 
whether  transcription  of  the  3  8  and  the  GBPI30  genes  are 
momK'istronie  or  polyeistronie.  If  transcription  of  these  two 
genes  is  momK'istronie  then  the  intergenie  region  should 
contain  regulatory  signals.  Nuclei  were  isolated  during  the 
trophozoite  stage,  in  which  both  genes  are  transcribed. 
Preformed  transcription  complexes  were  allowed  to  elongate 
in  the  presence  of  labelled  nucleotides.  The  radiolahelled, 
nascent  RNA  was  used  as  a  probe  for  DNA  fragments 
spanning  this  locus  (Figure  4)  Fragment  size  and  base 
composition  were  approximately  equivalent  for  these 
fragments  Nascent  RNA  hybridized  to  fragment  I  which 
contains  the  3.8  gene  and  to  fragment.>  3-6  which  span  the 
GBPl.lOgene.  By  contrast,  the  intergenie  rcgi<  n.  fragment 
2.  did  not  hybridize  to  nascent  RNA.  indicating  that  it  is 
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Fit;-  4.  The  .(.K  jnd  ihe  GBPI 30  gcne.s  define  independent 
iransenpliim  unil>  The  xheinalic  drawing  reveal.;  Ihe  nigani/.itniii  "I 
Ihe  hteus  and  the  orientaliim  of  the  .t.8  and  GBPIVO  gene;.  .Shaded 
reetangle;  denote  the  open  reading  frame;  of  the;c  gene;  The 
initiation  ;ile  of  the  GBPl.W  gene  and  the  lerniination  ;ite  ol  the  .t  S 
gene  .-e  indicalevt.  DN.-X  iVagnicnl;  ;panning  the  entire  livu;  are 
pre;enied  and  niiinhered.  flic  i;olaleJ.  single  stranded  DN'A  (fagnieni; 
were  intmobihzed  on  i  niirosellulosc  filler  which  was  hybridized  with 
labelled,  nascent  RNA  generated  in  a  nuclear  run-on  analvsis.  Nuclei 
were  prepared  front  trotiho/oite  stage  parasites.  A  quantitative  analysis 
obtained  hv  scanning  the  autoradiogram  i;  shown,  C  is  a  non- 
plasmodial  AT  neh  fragment  ineluded  as  a  eonlrof  ,A  gradient  ol 
signal  iniensilv  is  seen,  rellecting  ihe  distnbulion  of  labell.'vl  iransenpts 
generated  during  the  extension  reaelion,  which  luhridi/c  to  the  single 
stranded  D.N.A  probe's  used  RNase  was  ineluded  in  the  washing  bulter 
to  remove  radiolahelled  sequenees  outside  ol  Ihe  hy  bridizaiion  larget 
iW'ashing  eondiliitns:  Iwtt  washes  at  .SVC'  in  (1,1  xSSC'.  If  R’l  SDS  tor 
20  nun  each;  and  one  wash  al  42  C'  in  2  x.SSG.  .;()  ug ml  ol  RNase  s\ 
for  1  h.) 

not  transcribcci  (Figure  4).  Thus,  the  3.8  and  the  GBP  1.30 
genes  arc  transcribed  indepcndcniiy  in  a  momK'istronie 
fashion.  The  3.8  kb  transcript  is  temiinaicd  with  an  eff'icicney 
of  >9()fr  as  calculated  from  the  ratio  of  radioactivity  bound 
to  fragment  1  versus  2 

The  precise  tcrinmciiitm  site  for  the  3.8  transcript  was 
delcrniincd  by  RNase  protection  experiments  (Figure  5A). 
A  single  stranded,  radiolahelled  RNA  probe  complen.c.itarx 
to  the  3.8  mRKA  was  generated  (prolx’  .A.  Figure  5C)  and 
hybridized  to  poly(A)'  trophozoite  RNA.  Uptm  RNase 
digestion  a  major  species  of  300  bp  was  detected,  as  well 
as  tw'o  minor  species  of  1.30  ami  140  bp  in  size.  The  major 
species  maps  t;i  the  consensus  polyadcnylation  site  (AATAA) 
al  position  1500  (.see  Figure  2B).  while  the  minor  species 
map  to  the  polyadenylation  site  at  ptisition  1270.  The 
polyadcnylation  site  at  position  1500  has  been  ei'infirmed  by 
the  isolation  of  poly(A)  containing  cDNA  clone  (A228) 
which  has  utilized  this  site.  These  data  verify  the  orientation 
of  the  3.8  transcript  and  its  termination  site  in  the  intergenie 
region. 

The  5'  end  of  the  GBPI30  gene  was  determined  by  SI 
mapping  and  primer  extension  (Figure  5B).  The  primer 
extended  prixluet  was  recovered  from  the  gel  and  analyzed 
by  anchored  PCR.  contlrming  that  the  primer  used 
hybridized  to  and  extended  the  GBP130  RNA.  Both  primer 
extension  and  SI  analysis  map  the  5'  end  of  the  GBP  1 30 
RNA  to  ptisition  3216  (numbering  refers  (o  Figure  2B). 
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Fig,  7.  Sequence  unaKsis  Sequetiee  cletiieinN  denved  Itdmi  {he 
(TBPI31)  mteryenic  reiiion  ciful  Irom  the  iipslre.i!ii  I'eeh'ti  <il  ific 
H  kmn\ic.\i  CS  gene  are  etuiipiired  vMlh  the  S\  4n  e>'re  enhancer 
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KIg.  5.  Mapping  ol  tenninalion  and  indialion  Mie'>  in  the  imergenic 
region  ‘A'  rernunadon  ot  ihe  3  X  gone  K\asc  protection  anaivsix  a 
single  stranded,  radiolahelled  proK-  s(\Mtk  h'r  the  S  gene  (prt'be  A. 
}'K)sition  i  I'q  |ss2  in  I  igure  JBi  '•'■as  generated  and  hvhndi/ed  to  10 
..g  oi  j-mlMAi'  troplio/oite  RNA  I’pon  RNase  digestuni  pnuluets 
\^ere  anals/ed  h\  gel  eiectrophiiresi''  ilane  marked  P.f  i  The  si/es  ol 
the  p'TKlikts  kete  eiunpared  ^vnh  -i  standard  A  conln'l  using  >cast 
pi'lw  A;  R\  \  ujs  an.ii>/ed  in  parallel  (lane  marked  seasti  iB) 
Initiation  ot  the  CiBT’l  ^0  gene  SI  mapping  anal>s.s.  a  single  stranded, 
end  labelled  pr<'b».‘  iprohe  B.  position  3020  -3421  in  Figure  2B> 
spcM!k  tor  the  (iBPi.^O  gene  \sas  h\bridi/ed  to  15  /<g  ot  u*ial  cellular 
RNA  prepared  from  iropho^i>!les.  I  pon  digestion  '.vith  SI  C  and 
'^0  1 '  ml  of  en/wiie  tor  'to  mm)  prtKiiicts  were  anaK/ed  b>  gel 
electri'phoresis  I  he  si/e  of  the  prinluet  ( indicated  b>  an  arrtmi  was 
>.ompared  with  a  sequencing  reaction.  Primer  extensum  aiuiKsis.  an 
end  labelled  primer  (coiiespimding  to  position  .'^230  -32^^  in 
f'lgiuv  2B»  'Aas  hsbridi/ed  to  I  /ig  ot  p«ii\(,Ai'  tropho/oile  RNA 
lAtension  pt.Kliieis  were  ana!>/cd  hs  gel  c!eeiroptit>reMs  and  compared 
with  a  sequenung  reaction  ol  genomic  DNA  using  the  same  primer 
The  primer  extended  priH.iuct  was  recocered  trtnn  the  gel.  amplified  b\ 
an».horcd  PCR  technologs  il.oh  cl  a!  .  lOKOi.  cloned  and  sequenced 
(fi  Svheniatk  drawing  «'l  ilie  hvus  The  prolx-s  used  for  RNase 
proiectb’n  as>as  iprobc-  A)  arul  lor  SI  mapping  (piolx“  H)  are 
mdkated  The  lermirialion  site  tor  tlie  T  s  transcript  is  iniiieated  b\  a 
hexagi'ii  and  the  imtiation  .site  toi  the  (rMPHO  gene  b\  tlie  arrowhead 
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Ki«.  h.  am.inilrn  sensitive  transcription  ol  the  (iBIM'o  gene  Nuclei 
were  isolated  Irom  troplnvoite  parasite-.  One  aliquot  ot  the  nuclei 
preparation  was  mciihalcd  with  100  /xg nil  ot  o  ainanilin  pru>r  u» 
transcription  A  gene  expressed  (m)\  during  the  insect  stage,  the  (’S 
eeik-  iKnca  ct  nl  .  ldH4)  and  the  nbosomal  rRNA  genes  il.angsle> 

</  ,//  were  .inalv/e<I  m  parallel  tor  comparison 

rriinscripiittn  ot  the  (iBP13()  gene  is  sensitive  ttt  the  RNA 
polymerase  inhibitor  rt-anianitin  as  determined  by  nuclear 
run  on  analysis  (F-igure  6>. 


Fij*.  H.  Interaclion  xd  the  (IBIM.M)  sequence  clement  with  nuclear 
extracts.  2  fmol  of  d»jubie  stranded,  end  labelled  oligonuclci'lidcs 
containing  the  CiHPl.TO  sequence  eiement  were  incubated  with  5  /tg  of’ 
crude  nuclear  exlraels  derived  Irom  usvnehronouslv  growing  parasite 
cultures  The  sequence  ot  the  otigtmueleotide  is  shown  at  the  bottom 
The  amount  of  poK  dtIC')  added  to  the  binding  assays  is  indicated 
For  cross  eompetiiion  experiments  50  ng  of  unlabolleii  (iHPl.M) 
oligxinueleotides  or  2  /<g  ot  DNA  fragment  coni. lining  Ihe  GBP i. 30 
mtcrgenie  region  were  added.  In  aiidition  2  fxg  ot  pl'ClS  DN.-\  and 
Iragmenis  containing  the  upstream  region  either  of  the  K.AFIRP  gene 
iM.l.an/cr.  D.de  Bniin  and  J  V  Rasetch.  m.inuscript  in  preparatii'ni  or 
the  Bids  gene  (Myler.  were  lestctl  lor  their  ability  to  eom[X‘te. 

A  ci'iurol  experiment  was  ivrtormed  using  extracts  trom  iininleeied 
erxlhriKstes  (lane  marked  RBC  extraeo. 

These  data  indicate  that  the  GBP  1,^0  gene  is  eUtsely  linked 
to  another  hUxxi  stage  gene,  which  is  transcribed  in  the  same 
orientation.  Since  transcription  ol  the  .T8  and  GBP  1.^0  genes 
is  nionoeistronie.  the  region  between  both  genes  must  contain 
the  minimal  elements  that  signal  both  the  termination  and 
initiation  ot  transcription  in  P.fiilt  ipaniin  bloixl  stage  genes. 

Structural  analysis  of  the  intergenic  region 

The  intergenic  region  defined  above  was  examined  tor 
sequence  elements  indicative  of  eukaryotic  promoters.  The 
sequence  at  position  3029  - .''06.''  thighlighted  in  Figure  2B) 
shows  homology  to  the  core  region  of  the  SV40  enhancer 
sequence  (Weiher  ci  al..  1983)  and  to  a  sequence  clement 
found  in  the  upstream  region  of  the  Plasimxliion  knon  /o/ 
CS  gene  (Rui/  i  Altaba  cl  al..  1987)  iFigure  7).  To 
determine  whether  this  sequence  element  interacts  with 
nuclear  proteins,  gel  retardation  assays  were  performed 
IFigure  8),  Oligonucleotides  containing  this  element  were 
incubated  with  nuclear  extracts  derived  from  asynchronously 
growing  P.lakipanati  erythnK'ytie  cultures.  A  stable 
complex  is  observed,  even  in  the  presence  of  high 
concentrations  o(  non-speeitie  competitor  DNA.  The  stability 
of  this  complex  was  analyzed  hy  cross  competition 
experiments.  Neither  plJCI8  DNA  nor  DNA  fragments 
containing  the  upstream  region  of  the  KAHRP  (M  l.anzer. 
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DaIc  Bruin  aiul  J.V.  Run  etch,  manuscript  in  preparutitm)  or 
the  P19,‘n  genes  (Myler.lWO)  can  compete  lor  the  complex 
Bn  contra.st.  complex  formation  is  not  observed  in  the 
presence  of  unlabelled  GBP  1 .10  oligonucleotides  or  of  DNA 
containing  the  GBPI.^0  intergenic  region.  Extracts  prepared 
from  uninfected  erythrocytes  do  not  interact  Nxith  the 
sequence  element  le.sted.  The.sc  data  suggest  that  the  sequence 
clement  found  in  the  GBP  1.10  intergenic  region  is  a  target 
for  protein -DNA  interactions.  No  further  homologies  to 
other  knoNNii  protein  binding  sites  Nvere  found.  Another 
prominent  feature  of  the  intergenic  region  is  the  presence 
of  a  10.S  bp  duplication  betNveen  positions  2221  and  2855. 
indicated  bN  the  boxed  sequences  in  Figure  2B. 

Discussion 

During  the  asexual  ery  throcytic  stage  of  the  malaria  parasite 
P.  faU  ipdrum.  three  distinct  morphological  stages  have  been 
defined  the  ring,  trophozoite  and  schizont.  In  addition  to 
the  morphological  distinctions  evident  during  these  stages, 
discrete  patterns  of  gene  expression  haNC  been  ohser\'ed.  both 
for  protein  (Hall  <7  aL.  Pf84;  Perkins.  1988;  Weber  1988; 
Kemp  (7  ai.  1991))  and  RN.A  iPologe  and  Ravetch.  1986; 
'•k'alcr^  .  1989;  Wosseling  ci  al  .  1989).  In  a  study 
characterizing  five  bloixl  stage  genes  by  nuclear  run-on 
analysis.  Nve  hase  determined  that  the  changes  observed  in 
RN.A  accumulation  during  the  \arious  morphological  stages 
result  from  the  regulation  of  transcriptional  activity 
iM  l.anzer.  D.de  Bruin  and  J.V. Ravetch.  manuscript  in 
preptiration).  Thus,  plasmodial  genes  are  regulated  during 
the  sNNiich  from  inNertebrate  to  vertebrate  hosts  and  during 
differentiation  Ncithin  a  single  host  cell.  HoNsever.  the 
molecular  basis  for  this  stage-specific  gene  regulation  is 
unknown  due  to  the  lack  of  structural  information  regarding 
potential  regulatory  sequences  and  a  functional  assay  in 
vNhich  to  test  these  sequences  The  isolation  and 
characterization  of  potential  regulatory  sequences  from 
I’.Ui/ripdnim  is  a  necessary  prerequisite  for  the  development 
ot  these  functional  assays.  In  this  study,  we  hase  identified 
a  2  kb  region  of  DNA  in  Nvhich  Nve  demonstrate  the  presence 
of  the  minimal  elements  for  transcriptional  termination  and 
initiation  for  blood  stage  genes. 

.Structural  information  regarding  large  fragments  of 
plasmiKlial  DN.A  has  not  been  available  due  to  the  tnabilitv 
to  clone  these  sequences  in  an  unrearranged  and  stable  form 
iWcher.  I988i.  Consequently,  only  one  linkage  betNveen 
plasiiHKlial  genes  has  been  established  to  date  (Robson  and 
lenmng',  1991 1  Tong  linear  fragments  of  P.  jdU  ipurum 
DNA  NNere  cloned  as  artificial  chromosomes  in  yeast, 
f  nrcarranged  sequences  for  a  100  kb  region  base  been 
isolated  and  lound  to  be  stably  propagated  in  the  yeast  host 
(Figure  I )  By  probing  these  'I'AC  clones  with  labelled,  total 
cDNA.  noNcl  transcription  units  haNc  been  identified.  The 
transcription  map  deriNcd  from  this  study  reveals  three 
crytnriKytic  transcripts  contained  on  a  1(K)  kb  region  of 
chromosome  10. 

I  he  linkage  of  the  18  and  the  GBPl  .K)  genes  defines  a 
short  intergenic  region  of  2  kb  Nuclear  run-on  analysis 
indicates  that  these  genes  are  independent  transcription  units. 
Nvith  discrete  initiation  and  termination  sites.  Thus,  this 
observation  strongly  suggests  the  presence  of  signals  for 
transcriptional  termination  (for  the  1.8  gene)  and  initiation 
(lor  the  f/BPIlO  gene)  within  this  intergenic  region. 


The  1'  end  of  the  1.8  gene  xas  found  to  map  to  consensus 
polyadenylation  sites  which  are  flanked  by  long  poly(A)  and 
poly(T)  tracks.  These  sequences  have  the  potential  to  form 
stem  — Kx)p  structures  in  the  transcribed  RNA  which  may 
be  a.ssiK-iated  with  the  termination  of  transcription.  This 
region  has  features  characteristic  of  termination  sites  defined 
for  the  slime  mold  Dictyosu4iutn  (Kimmel  and  Firtel.  1982). 
in  which  a  consensus  polyadenylation  signal  precedes  a 
genomic  poly(A)  track  of  10  nucleotides.  A  similar  sequence 
organization  has  been  ;  ported  for  the  termination  site  of 
the  CS  gene  of  the  simian  malaria  parasite  P.hioH-lesi  (Ruiz 
i  Altaba  el  al..  1987).  cDNA  clones  isolated  for  the  1.8  gene 
predict  an  open  reading  frame  enctxling  a  novel  plasmcxlial 
protein.  Comparison  of  this  sequence  with  the  protein 
database  (Dayhoff.  December  1991)  revealed  homology  to 
the  family  of  serine  kinases,  particularly  in  the  region 
between  amino  acids  80  and  170.  the  enzymatic  active  site. 

A  unique  initiation  site  was  ob.served  tor  the  GBPT10  gene 
as  well  as  for  two  other  plasmodial  genes  (the  PI 95  and  the 
KAHRP  genes.  M.Lunzer.  D.de  Bruin  and  J.V. Ravetch. 
manuscript  in  preparation).  In  contrast,  multiple  initiation 
sites  have  been  suggested  for  the  three  other  plasmtxiial  genes 
investigated  to  date  [the  CS  gene  of  the  simian  malaria 
parasite  P.knowlesi  (Ruiz  i  Altaba  <7  u!..  1987);  the  Py210 
gene  of  the  nxlent  parasite  Plasmodium  voelii  (Lewis.  1990) 
and  the  P195  gene  of  P.fakipurum  (Myler.  1990)].  One 
rea.son  for  this  difference  may  be  due  to  the  frequent  pausing 
of  reverse  transcriptase  in  AT  rich  regions,  w  hich  could  be 
misinterpreted  as  multiple  initiation  sites  Comparison  of 
genomic  and  cDNA  sequences  indicates  that  the  GBP  110 
gene  is  continuously  transcribed.  However,  post- 
transcriptional  prtK'cssing  of  the  transcript  iKcurs  through 
( i.v-splicing  and  polyadenylation.  Transcription  of  the 
GBPI.10  gene  is  sensitive  to  the  RNA  polymerase  inhibitor 
«-amanitin.  Similar  to  other  eukaryotic  genes  transcribed 
by  o-amanitin  sensitive  polymerases,  the  sequences 
immediately  upstream  of  the  initiation  site  hir  the  GBPI.10 
gene  contain  (eaturcs  suggestive  of  eukaryotic  promoters. 
A  sequence  element  in  the  GBP  1.10  intergenic  region  was 
found  to  be  homologous  to  thi  core  region  of  the  .SV'4() 
enhancer  (Weiher  el  al..  1981)  and  to  a  similar  sequence 
motif  in  the  upstream  region  of  the  P.hum  lesi  CS  gene  (Ruiz, 
i  Altaba  ei  al..  1987).  The  GBPI10  sequence  element  Nvas 
found  to  bind  to  nuclear  proteins  derived  from  crythrixytic 
stage  parasites  in  a  sequence-specific  manner  in  mobility  shift 
assays.  Although  these  honiologies  are  suggestive  of 
promoter  elements,  the  lack  of  a  functional  assay  for  putative 
plasmodial  promoters,  either  in  viiro  or  in  vivo,  limits  the 
conclusions  that  can  be  drawn  regarding  the  role  of  this 
sequence  in  parasite  gene  transcription.  We  would  expect 
that  this  element  is  involved  in  more  general  transcriptional 
priKcsses  and  not  in  stage-specific  regulation,  since  it  is 
present  in  genes  tran.scribed  al  different  stages  of  the 
parasite's  life  cycle.  Precise  stage-specific  regulation  of  the 
GBP  1.10  gene  may  be  meiliated  by  the  large  direct 
duplication  that  is  unique  for  the  upstream  sequence  of  this 
gene. 

Materials  and  methods 

Cultivation  of  parasites 

The  r  fiiU  ipuniin  strains  A’  am)  t  t  k  t  were  ero'ui  and  niainiained  as 
dessribed  h>  Tracer  and  tansen  i  I77hi  and  hs  I  r.ieei  c;  al  i  lUKi  i.  it  nol 
slated  mtiemise  the  elonal  P  fuln/sinmi  strain  ssas  nsisl  1‘arasite  eulnires 
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were  synchrimi/ed  bv  pereoll  -  s^>rbitol  gradient  ccniritugalion  (Kutner  ef  ul., 

1985) .  No  gametoc) (c.s  were  observed  in  the  culture  under  the  gn)wih 
conditions  employed. 

Construction  of  P.falciparum  YAC  library 

A  P. falciparum  YAC  library  was  constructed  as  described  (de  Bruin. D.. 
Lan/er.M.  and  Ravetch.J.V..  manuscript  in  preparation).  Genomic  DNA 
was  prepared  from  the  P.faU  ipanim  strain  FCR.^  {Goman  ei  al..  )982). 
partially  digested  with  fcoRl.  and  inserted  into  the  Er  oRl  cloning  site  of 
the  YAC  vector  pYAC4  (Burke  et  a/..  1987).  Yeast  sphcroplasls  (strain 
AB138().  ATCC  20843)  were  transformed  with  the  ligation  mixture  as 
described  by  McCormick  a  al.  (1989)  with  the  exception  that  polyamines 
were  excluded.  Transformants  were  selected  on  media  lacking  either  uracil 
or  uracil  and  trypti>phan.  The  YAC  library  was  screened  by  PCR  analysis 
(Heard  ef  al..  1989;  Green  and  Olson.  1990). 

Mapping  of  YAC  clones 

Y.AC  clone  DNA  imbedded  in  agarose  plugs  (Schwarl/  and  Cantor,  1984) 
was  digested  with  restriction  eiidonuclca.scs  and  size  fractionated  by  pulsc- 
t'leld  gel  electrophoresis  using  a  the  Bio-Rad  CHEF-DRII  system  Ipulse- 
lleld  conditions:  ramped  pulse  from  2.5  to  10  s  over  18  h  at  170  V.  l^ 
LE  agarose  (FMC).  0.5xTBE.  at  14^0.  DNA  was  transferred  to 
nnrixrellulose  fillers  and  hybridized  with  nick  translated  DNA  fragments 
or  with  radiolabelled  total  cDNA.  Probes  for  transcription  mapping  were 
generated  by  the  reverse  transcription  of  I  /xg  of  polylA)*^  RNA  prepared 
from  an  asvnchronous  erv'throcvtic  culture  (50  mM  Tris-HCl  pH  8.3.  75 
niM  KCl,  mM  MgCl./iO  mM  DTT.  I  mM  dGTP.  I  mM  dCTP.  t  mM 
dTTP.  b  ;,M  dATP,  1  |a-'-P|dATP  l.iaX)  Ci'ml),  ^g/ml  pd<N)6_ 
40  V  of  rRNasin  iPromega)  and  600  U  of  M-MLV  H  reverse 
tran.scnptase  (superscript.  BRL)  for  60  min  at  43®C!.  The  total  cDNA  was 
purified  by  column  chromatography  and  amplified  by  PCR  in  the  presence 
o)  [^r-’-P|dCTP  using  the  TAG-IT  kit  (BIOS)  which  uses 
d(N)f,(GC)(GC)(GC)  as  pnnKrs.  Hybridization  conditions  (KiK'han  ctal.. 

1986)  included  200  ^g'ml  (4'  total  yeast  RNA  as  competitor. 

Nuclear  run-on  analysis 

All  steps  were  earned  out  on  ice.  Al  a  parasitemia  of  -  P.falcifHmim 
cultures  were  chilled  on  ice  The  contents  of  30  10  cm  Petri  dishes  were 
collected  and  washed  once  in  I  xPBS  butler.  Eryihroc>tcs  were  lysed  by 
the  addition  of  an  equal  volume  of  0. 1  ^  .saponin  (Wallach.  1982).  followed 
by  one  wash  in  solution  A  (20  mM  PIPE.S  pH  7.5.  15  mM  NaCl.  60  mM 
KCl.  14  mM  d-nK*rcaptoelhanol.  0.5  mM  EGT.A.  4  mM  EDTA.  0. 15  mM 
spemiinc.  0.5  mM  spermidine,  0.125  mM  PM.SF).  The  parasite  pellet  was 
resuspended  in  3  ml  of  solution  A  and  transferred  to  a  dounce  homiigenizer. 
200  ‘d  a  lO'r  NP  40  solution  was  added  and  six  strokes  with  a  B  pestle 
were  applied  Nuclei  were  collected  i40(K)  r  p  m  for  10  min  in  a  Sorvall 
.SM24  rotor)  and  wa.shed  onte  in  stdution  A.  5  x  11)'^  nuclei  were  iraascnbed 
at  M  C  tor  10  nun  in  600  ^it  ot  solutum  B  (50  mM  HhPHS  pH  7.9.  50 
niM  NaCl.  10  mM  MgCf.  1  2  mM  DTT.  10  niM  creatine  phosphate.  I 
mM  GTP.  i  mM  CTP,  4  niM  .ATP.  25*^?  glycerol.  125  L'  ml  rRNa.sin 
iPronicga,',  0  2  mg  ml  creatine  kinase  and  0.5  la-^'PjUTP  3000 
Cl  mmol  I  Radiolabelled  RNA  was  isolated  (ChiMiKvnski  and  Sacchi.  1987) 
and  purified  by  TCA  precipitation.  Lisually  2  10  c.p  rn  were 

incorporated  into  nascent  RNA.  with  a  specific  activity  of  9x10^ 
c  p  m  Vig  The  nascent  RNA  was  hybridized  to  single  stranded  DN.A 
fragments  (0  2  pniol)  immobilized  on  nitntcellulose.  The  prehybridi/ation 
and  hybridization  conditions  are  described  (Nevins,  1987).  Fillers  were 
washed  three  Iirk’s  for  20  min  in  2  xSSC.  0  1  .SDS  at  nxnn  temperature, 
twice  at  55  C  in  0  1  xSSC.  0.1''^  SDS.  followed  by  ttne  wash  al  42^C 
in  2  *  SSC.  50  ^g  ml  of  RNase  ,A  tor  I  h.  Fillers  were  dried  and  cxpt»scd 
overniglii  at  70  ('  with  an  intensifying  screen. 

Bacterial  strains  and  libraries 

To  minimize  recomhinulnm  and  deletion  events  plasmid  DNA  was 
propagated  in  the  t.  coli  host.  SURE  (Stratagene)  Two  libraries  t>f 
P  fal<  iparum  (strain  A2).  a  pUC9  plasmid  cDNA  (Kivhan  e(  af..  1986) 
-ind  a  Xgt!  1  gem  mic  library  were  screened  using  standard  nxrthixls  (Manialis 
ct  al  .  1989)  The  integrity  »)f  all  clones  and  sequences  was  confimK’d  by 
S«H]thcrn  analysis 

Primer  extension 

0  1  pmol  (I  5x10*^  cpm.)  of  end  labelled  oligonucleotide  primer 
(‘^' GAAC.TACACTCAAAATAAGTTATATACCATATG-3')  and  1  /xg 
of  pi>lytA)  ■  ln>phozoilc  RNA  were  coprecipilated  and  hybridized  (Maniatis 
('t  al  .  1989)  After  ethanol  precipitation  the  primer  was  extended  at  43‘’C 
for  90  mm  (50  mM  Tris  HCl  pH  8.3.  75  mM  KCl.  3  mM  MgCU.  10 
mM  DTT.  I  mM  dNTP.  40  U  of  rRNasm  (Promega)  and  .VX)  U  of  M 
MLV  H  reverse  transcriptase  (superscript.  BRLij  Products  were 

1954 


analyzed  by  gel  electrophoresis.  Primer  extension  pnxJucts  were  recovered 
from  the  polyacrylamide  ge)  (Maniatis  cf  al..  )989).  tailed  with  dGTP  and 
amplified  (Loh  ct  al  .  1989).  Amplified  DNA  Iragmenls  were  cloned  into 
pUC18  and  sequenced  by  using  the  universal  forward  primer 

Si  mapping 

A  Hindi -NaA  fragment  was  isolated  from  the  genomic  clone  877 1  This 
fragment  was  used  to  generate  a  single  stranded  DNA  probe  by  PCR 
amplification  using  the  end  labelled  primer  (5'-TATTAAAAATATTAAA- 
CAGATTAAG-3').  The  single  stranded  prtxiuct  was  purified  by  gel 
electrophoresis.  2x  10‘''c.p.m.  of  the  probe  and  15  )ig  of  u>tal  cellular  RNA 
were  hybridized  (Maniatis  cl  al..  1989).  SI  dige.siion  was  earned  out  at 
for  90  min  with  330  U/ml  of  SI. 

PNase  protection  assay 

A  Mv>l  -  Hindi  fragment  corresponding  to  position  1 1 79  -  i  582  in  Figure  2B 
wa.s  cloned  into  pGEM3.  A  single  stranded  RNA  probe  complementary 
to  the  3.8  niRNA  was  generated,  gel  purified  and  hybridized  to  10  /ig  of 
total,  cellular  trophozoite  RNA.  Hybridization  and  digestion  conr1ilii)ns  (0.5 
U/ml  of  RNase  A  and  iOO  U/m!  of  RNase  T1  for  30  min  at  37^C)  were 
followed  as  recommended  by  the  ntanufaemrer  of  die  fib<inuclea.se  protection 
assay  kit  (Ambitin). 

Northern  analysis 

Total  cellular  RNA  was  isolated  by  the  acidic  guanidinium -phenol - 
chloroform  method  (Chomeynski  and  Sacchi,  1987).  5  ^g  of  total  cellular 
RNA  were  fractionated  on  a  0.8%  agarose  -  formaldehyde  gel,  transferred 
to  nimK'ellulose  and  hybridized  with  nick-translated  probes.  Hybridization 
conditions  are  described  by  Pologe  and  Ravelch  (1986). 

Preparation  of  nuclear  extracts 

Parasites  were  prepared  by  sapcinin  lysis  (Wallach.  1982).  The  following 
method  was  adapted  from  Schreiber  cr  al.  1 1989).  About  5x  parasites 
were  resuspended  in  1  ml  of  lysis  buffer  ( 10  mM  HEPES  pH  7.9.  10  mM 
KCl.  0.1  niM  EDTA.  O.I  mM  EGTA.  1  mM  DTT.  0.5  niM  PMSF  and 
0-65  %  NP-40).  Nuclei  were  collected  by  centrifugation  and  extracted  w  iih 
100  tt\  of  extraction  buffer  (20  niM  HEPES  pH  7.9.  0.4  M  NaCl.  I  mM 
EDTA.  1  mM  EGTA.  1  mM  DTT  and  1  mM  PMSF).  After  15  min  of 
vigorous  shaking  the  e.xtract  is  cleared  by  cemrifugaiion.  yielding  a  protein 
concentration  of  1  -2  /ig/>tl.  5  of  crude  nuclear  extract  were  incubated 
with  2  fmol  of  double-stranded,  end  labelled  oligonucleotides  for  20  min 
at  room  temperature  1 20  mM  HEPES  pH  7.9.  100  mM  NaCl.  I  niM  EDTA. 
1  mM  DTT.  5%  glycerol.  0,25  mg/ml  BSA.  2  ng  po\\  d(IC)  or  as  indicated: 
final  volume;  15  /ill-  Binding  assays  were  analyzed  by  gel  electrophoresis 
(4%  polyacrylamide.  5%  glycerol  and  0.5xTBE). 
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ABSTRACT 

The  Plasmodium  falciparum  gene  encoding  the  knob 
associated  histidine-rich  protein  (KAHRP)  is  shown  to 
be  transcriptionally  regulated  during  its  expression  in 
the  intraer^hrocytic  cycle  as  demonstrated  by  stage 
specific  nuclear  run-on  analysis.  The  genomic 
organization  of  the  KAHRP  gene  was  determined  and 
the  structural  basis  for  the  stage  specific  transcription 
investigated.  A  sequence  motif  with  two-fold  symmetry 
was  found  1 60  bp  upstream  of  the  RNA  initiation  site. 
This  sequence  element  interacts  with  parasite  derived 
nuciear  extracts  in  a  stage  specific  manner  that 
correlates  with  the  transcriptional  activity  of  the  KAHRP 
gene.  These  studies  suggest  a  functionai  role  for  this 
structural  element  in  the  deveiopmentai  regulation  of 
a  P.  falciparum  erythrocytic  gene. 

iNTRODUCTiON 

Nearly  half  of  the  world  s  pKipulation  lives  in  malaria  endemic 
areas.  Transmitted  to  humans  by  the  bite  of  an  infected  mosquito, 
malaria  parasites  multiply  asexually  ''•st  in  hepatocytes  then  in 
ery  thriK-ytes.  The  most  .severe  form  of  duman  malaria  is  caused 
by  the  protozoan  parasite  Plasmodium  falciparum,  claiming  over 
three  million  lives  annually.  The  high  mortality  associated  with 
P.  fidcipanim  results  from  the  txrclusion  of  capillaries  by  infected 
crythrtKytes  which  adhere  to  endothelial  cells  (1,2,3.  4).  The 
cytoadherence  of  infected  erythrocytes  is  dependent  upon  the 
interaction  of  parasite  enctxJed  proteins  that  are  translocated  to 
the  erythriK'ytic  membrane  with  receptors  expressed  on 
endothelial  cells,  such  as  CD.36  and  ICAM-I  (.S.  6).  Parasite 
mutants  have  been  described  that  exhibit  reduced  cytoadherence 
(  3,  7.  8).  This  phenotype  was  linked  to  the  deletion  of  a  parasite 
encixled  gene,  the  knob  a.ssix'iated  hi.stidine-rich  protein 
(KAHRP)  (9). 

During  the  asexual  intraerythrocytic  cycle  of  parasite 
development,  the  KAHRP  gene  is  expres.sed  in  a  stage  specific 
manner,  as  indicated  by  the  analysis  of  steady  state  RNA  (9)  and 
protein  accumulation  (10.  II).  The  molecular  mechanisms 


regulating  the  expression  of  this  important  parasite  gene  are 
unknown.  To  dis.sect  the  structural  motifs  associated  with  the 
developmental  regulation  of  P.  falciparum  genes,  we  have  studied 
the  expression  and  regulation  of  the  KAHRP  gene  during  the 
intraerythrocytic  cycle.  A  comparison  of  transcriptional  activity 
as  determined  by  nuclear  run-on  analysis  and  RNA  accumulation 
revealed  that  the  KAHRP  gene  is  transcriptionally  regulated.  A 
sequence  element  with  two-fold  symmetry  has  been  found  to 
interact  in  a  stage  specific  manner  with  nuclear  extracts.  This 
stage  specific  interaction  correlates  with  the  transcriptional  activity 
of  this  gene,  suggesting  that  this  sequence  element  may  be 
involved  in  the  developmental  expression  of  the  KAHRP  gene. 

MATERIALS  AND  METHODS 

Cultivation  of  Parasites 

The  clonal  P.  falciparum  strains  FCR3-A2  and  FVO“  were 
grown  and  maintained  as  described  (29).  Different  intra¬ 
erythrocytic  stages  were  separated  by  percoll/sorbitol  gradient 
centrifugation  (30).  This  method  allows  the  separation  of  these 
stages  with  great  accuracy  as  determined  in  blood  smears.  Thus, 
in  the  trophozoite  stage  preparation  no  other  stages  were 
detectable.  The  same  is  true  for  the  ring  and  the  schizont  stage 
preparation. 

Northern  analysis 

After  saponin  lysis  of  infected  erythrtKytes  (31).  total  cellular 
RNA  was  i.solated  by  the  acidic  guanidinium-phenol  chloroform 
method  (32).  1.5  gg  of  total  cellular  RNA  was  fractionated  on 
a  0.8%  agarose-formaldehyde  gel,  transferred  to  nitrocellulose 
and  hybridized  with  the  nick-translated  probe  LP20  to  the 
KAHRP  gene  (9), 

Nuclear  run-on  analysis 

All  steps  were  carried  out  on  ice.  At  a  parasitemia  of  about  5% , 
cultures  were  chilled  on  ice.  The  contents  of  thirty  10  cm  petri 
dishes  were  collected  and  washed  once  in  1  x  PBS  buffer. 
ErythrtKytes  were  lysed  by  the  addition  of  an  equal  volume  of 
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0. 1 '?  sapwiin  (31),  followed  by  one  wash  in  solution  A  (20  inM 
PIPES  pH  1.5.  15  niM  NaCl,  60  niM  KCl,  14  niM  /3- 
mercapt(x.'thanol,  0.5  mM  EGTA,  4  mM  EDTA,  0.15  mM 
spermine.  0.5  inM  spermidine.  0.125  mM  PMSF).  The  parasite 
pellet  was  resuspended  in  ml  of  solution  A  and  transferred  to 
a  dounee  homogenizer.  200  /il  of  a  10%  NP-40  solution  was 
added  and  six  strokes  with  a  B  pestle  were  applied.  Nuclei  were 
collected  (4.0(X)  rpm  for  10  min,  Sorvall  SM24  rotor)  and  washed 
once  in  solution  A.  5x  10'^  nuclei  were  transcribed  at  37°C  for 
10  min  in  f)00  /xl  of  solution  B  (50  mM  HEPES  pH  7.9,  50  mM 
NaCl,  10  mM  MgCE,  1.2  mM  DTT,  10  mM  creatine 
pho.sphate,  I  niM  GTP.  1  mM  CTP.  4  mM  ATP,  25%  glycerol, 
125  units/ml  rRNasin  (Promega),  0.2  mg/ml  creatine  kina.se,  0.5 
;iM  l«-'-PlUTP  30(X)Ci.'mr-''i.  Radiolabelled  RNA  was  Isolated 
(32)  and  purified  by  TCA  precipitation.  Typically  2x  10^  cpm 
were  incorporated  ito  na.scent  RNA,  with  a  specific  activity  of 
9x10^  epm/gg.  1  :  ■  nascent  RNA  was  hybridized  to  single 
stranded  DN,\  fragments  (0.2  pmol)  immobilized  on 
nitriKclIulose.  The  prehybridization  and  hybridization  conditions 
were  as  described  (33),  Filters  were  wa.shed  three  times  for  20 
min  in  2  x  .SSC,  0. 1  %  SDS  at  nx^m  temperature,  twice  at  55°C 
in  0.1  X  SSC.  0.1%  SDS,  followed  by  one  wash  at  42°C  in 
2  X  SSC,  50  gg  ml  of  RNa.se  A  for  one  hour.  Filters  were  dried 
and  exposed  overnight  at  -70°C  with  an  intensify  screen. 

Bacterial  strains  and  libraries 

To  minimize  recombination  and  deletion  events  plasmid  DNA 
was  propagated  in  the  E.  coli  host.  SURE  (Stratagene).  A  lambda 
gt  1 1  genomic  library  of  P.  falciparum  (strain  A2)  was  screened 
using  standard  methtxls  (34).  The  integrity  of  all  clones  and 
sequences  were  confirmed  by  Southern  analysis. 

Primer  extension 

0  1  pmol  ( I  5  X  IfP  cpm)  of  end  labelled  oligonucleotide  primer 
(5  -CATAATTAATAACAAATTAAGTGAAATAAAAC-3'. 
position  1819  to  1850  in  Fig.  3B)  and  0.4gg  of  fxMy  A+  ring 
RNA  from  the  parasite  strain  FCR3-A2  were  coprecipitated  and 
hybridized  (.34)  After  ethanol  precipitation  the  primer  was 
extended  at  4.CC  for  90  min  (50  mM  Tris/HCI  pH  8.3,  75  mM 
KCl.  .3  mM  MgCE.  10  mM  DTT.  1  mM  dNTP.  40  units  of 
rRNasin  (Promega).  and  300  units  of  M-MLV  H  reversal 
tran.scripta.se  (superscript,  BRL)).  Puxlucts  were  analyzed  by  gel 
electrophoresis.  Primer  extension  prixlucts  were  recovered  from 
the  polyacrylamide  gel  (.34).  tailed  with  dGTP  and  amplified  (35). 
Amplified  DNA  fragments  were  cloned  into  pUC18  and 
sequenced  by  using  the  universal  forward  primer. 

RNase  protection  a.s,say 

A  Nsil  EcoRI  fragment  corresp<inding  to  position  1419  to  2215 
in  Fig.  3B  was  cloned  into  pGEM.3.  A  single  stranded  RNA 
probe  complementary  to  the  KAHRP  mRNA  was  generated,  gel 
purified  and  hybridized  to  Igg  of  poly  A+  ring  RNA  from  the 
parasite  strains  FCR.3-A2  and  FVO  respectively.  Hybridization 
and  digestion  conditions  (0.5  units/ml  of  RNase  A.  1(X)  units/ml 
of  RNase  T1  for  .30  mm  at  .37'’C)  were  followed  as  recommended 
by  the  manufacturer  of  the  rib<inuclea.se  protection  assay  kit 
(Ambion) 

Preparation  of  nuclear  extracts 

Parasites  were  prepared  by  saptmin  lysis  (.31).  Nuclear  extracts 
were  prepared  as  described  (36).  About  5x  10^'  parasites  were 
resuspended  in  1  ml  of  lysis  buffer  (10  mM  HEPES  pH  1.9. 


10  mM  KCl.  0. 1  mM  EDTA.  0. 1  mM  EGTA,  I  mM  DTT.  0.5 
mM  PMSF,  0.65%  NP-40).  Nuclei  were  collected  by 
centrifugation  and  extracted  with  1(X)  gl  of  extraction  buffer  (20 
mM  HEPES  pH  7.9.  0.4  M  NaCl,  1  mM  EDTA.  1  mM  EGTA. 

1  mM  DTT,  1  mM  PMSF),  After  15  min  of  vigorously  shaking, 
the  extract  is  cleared  by  centrifugation  and  yields  a  protein 
concentration  of  1—2  gg/gl.  Five  microgram  of  total  nuclear 
protein  was  incubated  with  10  fmol  of  double  stranded,  end 
labelled  oligonucleotides  for  20  min  at  n\m  ternperamre  (20  mM 
HEPES  pH  7.9,  100  mM  NaCl,  1  mM  EDTA.  1  mM  DTT. 
5%  Glycerol,  0.25  mg/ml  BSA,  2  gg  poly  d(I/C)  or  as  indicated; 
final  volume;  15  gl).  Binding  as.says  were  analyzed  by  gel 
electrophoresis  (4%  polyacrylamide,  5  %  glycerol.  0.5  xTBE). 

RESULTS 

The  KAHRP  gene  is  transcriptionally  regulated 

Three  a.sexual  intraerythrix-ytic  stages  have  been  defined  for  the 
protozoan  parasite  P.  falciparum— ihe  ring,  trophozoite  and 
schizont  stage.  The  accumulation  of  KAHRP  RNA  during  the 
intraerythrocytic  cycle  was  examined  by  Northern  analysis.  The 
intra-erythriKytic  stages  were  separated  by  percoll/sorbitol 
gradient  centrifugation  (30).  Total  cellular  RNA  was  isolated  from 
the  ring,  the  trophozoite,  and  the  schizont  stages  of  the  clonal 
i.solate  FCR3-A2,  respectively.  Unlike  previously  published  (9). 
the  4.2  kb  KAHRP  transcript  accumulates  during  the  ring  stage 
and  only  small  amounts  are  detectable  in  trophozoites  (Fig.  1 ). 

Temporal  changes  in  the  KAHRP  promoter  activity  wcurring 
during  the  intraerythriK'ytic  cycle  were  studied  by  nuclear  run- 
on  analysis  (Fig.  2).  For  comparison  the  P195  gene  encixiing 
the  major  merozoite  surface  antigen  ( 12).  the  CS  gene  enctxling 
the  circumsporozoite  antigen  expressed  during  the  insect  stage 
(13).  and  the  ribttsomal  RNA  genes  (14)  were  analyzed  in 
parallel.  Nuclei  were  isolated  from  synchronized  cultures  of 
FCR3-A2  at  18  hr;;  (ring  stage),  .30  hrs  (trophozoite  stage),  and 
41  hrs  (schizont  stage)  after  infection.  Preformed  transcriptional 
complexes  were  allowed  to  elongate  in  the  presence  of  labelled 
UTP.  The  labelled  nascent  RNA  was  used  as  a  probe  for  DN.A 
fragments  specific  for  the  KAHRP.  the  P195.  the  CS.  and  the 
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Fig.  I.  SCage  pecific  RNA  accumulalum  Tor  fhe  KAHRP  gene  Siage  specifk 
RNA  v.ns  isolated  from  nng  <R).  trophozoite  (T).  and  schizont  iS)  parasites,  si/c- 
fractionated  on  a  0.8%  agarose  gel  and  transferred  lt>  n»inx.c!lulosc  The 
nitrocellulose  filter  was  hyhndized  with  the  cDNA  clone  LP20  to  the  KAHRP 
gene  Equal  amtHinls  of  stage  specific  RNA  was  loaded  as  determined  by 
hybridization  with  probes  derived  from  the  aclin  1 1 17)  and  .^  8  (25)  genes  (data 
not  shown)  A  RNA  size  standard  is  indicated  I'niike  prevunisly  published  (^). 
the  KAHRP  transcripts  accumulates  m  ring  stage  parasites  The  separation  of 
parasite  stages  by  percoll/sorbitol  gradient  ccntri^gation  enabled  us  to  detemnne 
the  stage  specific  transcription  of  this  gene  with  greater  accuracy  (.V)) 
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rKNA  izcnos  rcspccIivcK  I  he  KAHRP  gene  is  transcriptionally 
active  only  during  the  ring  stage  (Fig,  2).  The  correlation  between 
Its  promoter  aeiivity  and  RN.A  accumulation  indicates  that  the 
K.AFIRP  gene  is  transcriptionally  regulated.  In  contrast  to  the 
erythrocytic  stage  specific  regulation  ol  the  KAFIRP  gene,  the 
Plds  gene  and  the  rRNA  genes  are  constitutively  traascribed 
during  these  stages  (Fig.  2).  No  transcription  was  observed  for 
the  CS  gene  during  the  erythnxytic  cycle,  consistent  with  its 
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fill.  2.  ^piMlic  ir,inM.rtp!n'n.tl  ,Ktivii\  nl  ihe  K.AHRH  gene  The 

ii,iiw  nptiorijl  .Ktu  ii\  ot  ihe  K.VHKf  gene  during  Ihe  inir,iervihrm,ylie  evele  was 
L\,iiniiK\l  S'.  't,ige  ^peeil'ie  mKlc,ir  run  on  analvMs  Nueiei  were  isolateii  Ironi 
ling  'Ri,  tropho/oite  iT i  and  \<hi/''nt  'Si  [sirasile  stages,  respe'glivelv  Naseeni. 
i.tlx'llesi  RN.\  ss.is  used  ,is  ,i  proN.'  to  ttN  A  fragnienis  eontaining  the  riboMnnal 
RS  V  genes.  sling  sei)uetKes  ol  the  k.AHRP  idi,  the  I’WS  iiyi  jnd  Ihe  CS 
I  1  '1  genes,  respe-sloelv  o  ainanilin  Prior  lo  transenption  nuclei  prefrareii  Ironi 
ring  stage  isirasiies  aere  incuhalesi  vulh  lim  gg  ml  ol  ..  amanitm  lor  Is  min  on  ice 


specificity  for  the  insect  stage.  Transcription  of  the  KAFIRP  gene 
and  the  Pl^S  gene  is  sensitive  to  o-anianitin  (Fig.  2i,  indicating 
that  these  genes  arc  transcribed  by  an  o-amanitin-sensitive  RNA 
p<ilynicrase. 

Structural  organization  of  the  K.AHRP  Itxius 

Genomic  sequences  were  obtained  tor  the  KAHRP  gene  in  order 
to  analyze  the  structural  basis  for  the  stage  specific  regulation 
observed  for  this  gene.  .Several  overlapping  genomic  clones 
spanning  the  entire  Ukus  were  obtained  and  sequenced  (Fig.  -2|. 
The  RNA  initiation  site  of  the  KAHRP  gene  was  determined  by 
primer  extension  and  RNase  protection  assays  (Fig.  4).  The 
primer  extended  prixJuct  was  recovered  from  the  gel  and 
amplified  by  anchored  PCR.  Both  primer  extension  and  RNase 
protection  experiments  map  the  start  point  of  transcription  to  a 
single  site,  849  bp  upstream  of  the  KAHRP  initiation  codon 
(Fig.  4).  The  sequence  5'  of  the  RNA  initiation  site  was  examined 
for  homologies  to  the  binding  sites  of  known  eukaryotic 
transcription  factors.  None  were  found.  However,  a  novel 
sequence  element  with  two-fold  symmetry  was  observed  160  bp 
uostream  of  the  RNA  start  site  (position  I.‘i62  to  l.‘'7.2  in  Fig.  2B). 

Nuclear  proteins  interact  stage-specifically  with  a  sequence 
motif 

To  determine  whether  this  motif  is  a  binding  site  for  nuclear 
proteins,  gel  retardation  assays  were  pertbmied.  Oligonucleotides 
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A  ■  -  JTT7AATCAAAAAAAAAAAAAAAATA0TMTGATTTAAAAAGGCATTTGATJlCCT<kATTTTTAAiUTCCTCAACCAATJkAGCT8CJUGTATATTAATTATTAATTATAATTTTGAAA  HO 
ArATTGATnTATaTATTATTT'-TOTTTTTArrAAAAAOTCCJUGAAAAAGAATTTACATAGTTATAAAAATTTATACTTTTTAATTAATGAAATTTTTTTTTTTTTTTTTTTTTTAAGAA  **0 
ATAOTATTATTAAACATGATATTATATATATAAAATATATTTTTTATTTTATArrTTTATTTTTTTTTTTOTGTTTTTTATATCTGTATATTTTTAATTTTTTTTATTTTTCTTATTTGT  3«0 
ATTTATT  TTTTTTTTTATTTTTTATTAGAAATGTTTACCATATATATOACATATATTTTTGAATGTAATGTGTGTGTTTAAAAAAAATTAAAAAAGTTTAAAGCGTATTAAATTAGAAC  ««0 
A '  ATAATTTTATAAAAAAAArAAGGAAAACTATTTAOAATACAATCTTAGCATCTTTAATAATATTATATAAGATAATTATAAAAATTAAATAGTAAACTTATTTTATAAATAATAAAA  *00 

aa-tatatattatttattattcataatatttaataaatattatotatatatotaaatattatatatatatatatatatatatatatatatatatatatatataatatatatatatataat  ’*0 

ATATATATATATAATATATATATTTATTAArrAAATrrOTATTAAATTAAGTAAAATrrCATCTTATATAAATATATAAATATATATATATATATATATATATATATATOTATATATATA  OAO 
’■ATATATTTATATATTTATATAAAATTACTATAAATTTTTCTCTAAATATATTTTATAAATAATAACTACACAATATAATTACrrGOOTTAAACTAAAATAOTATATTAATAAOGCATTT  *«0 
TOTr.-TTTTTTATATATATTAGTAAAATTACTAATTGTATCATTTTATTAAAAATAaCATATACOTACATrTTCATTATAAAAAGATATTATTTTTTAATATTCTAAATTATTCTATAAA  I®*** 
■'AAATTATTCTATAAAAATTATGTATTTTATTATTCCTTTAAAATTAAATOACTCCTATCTATTTTAAOTATTTATAAAAATATAAATAATACGAAATATATAATATATATGTATACATA  HOO 
-AA-ATATATATATATATAArAATATTAArcATTCTAATATAAAGAGGAGAAAAAAAAAAACTATACTTAAAAAATTTTCTATATGTTATTTAGTTGTATTTAAATATAGTATTTTAATT  HSO 


ArTTTTTTTTTrrTAAATATAATTATTTTACTATAGOAACTCATTAATATGTATGATTTTTTTTTTCTTATATTTTTTTTTTTGAAGAATACATGCATATTTTTTATATTCTTT  1A«0 
ATATATATTAATTCTt  .-.rTTGTATCTTTOTTGTTATTTTTTTTCTTTTATCTTTTTGCCTTAACATGTTTATGAATAATCGTTAAAGTAATATATaTTTTTTTGTTTTAGTGTACCTAA 
a'a-  TOCATinAGTGTAGTTi^ATTTTACATTAACTTTATTCTTCATACTAGAQTAAATATACATCATACTATATACTATAGGTAAATTATAATAAATAAATGAGAAAAAACv'lACAAAACA  1«80 
TAA  TA'  TAAATAATTAAAAAAAAAAATAATAATATTATATTATTTCCATOAAATAATAATTAriltmTTATTCTAATAATTTIUUACAAaAAATATAAAACATATCATCATATAAAT  1800 


ArArATTTATATATArTruTTTTArrTCACTTAATTTaTTArTAiirTATeTAAnTATAAArAAATATrAfTAaaATACTATaAAAAArnTTArrTTOATTTTTAArTArTTTATTATT 

GTTTrrTGTTTTTmArtTACCTTCArrTCCTATTTTTATATAAATAATATATATATATATTTTTrrrrAATTTmATAOAAATTTTCCTTTTTTTTATAATATTCTAATATATACAT 

AATATATA7TTArrATAQATATTTATACATAATQTAATTTATT0TAATTATATATATTAATCI»TTrTTATTTTTTtATTATATATATAAAAAAAATATTTTATAT0ATATTTTTT0CT 

GAAAAACAAQATTQAAAAATAOAAAAmTATATAATqAaAAAAAATTAaAATTC 


1920 

2040 

2140 

2215 


Fin  (  tcntHUK  or^ani/dtion  .iml  sequence  KAHRP  upstream  scquerKc  A  Cicnomic  orgam/alion  anO  clones  The  KAHRP  rcaJing  Irank.*  is  miJicatctl  bv  rectangles 
Ihe  RNA  iniiialitm  site  in  indicatei.!  b\  an  arrtm  head  The  genomic  clt»nc  contains  an  internal  deletion  as  indicated  h>  a  triangle  B  5>cqucnce  of  the  KAHRP 
upstream  reg»«>n  Hk*  KN.A  initiation  site  is  intlicafcd  by  an  arrtm  head  A  sequerKe  motif  w,ith  tvko  fold  symnKtry  is  indicated  by  arro\ss  The  box  indicates  the 
scquctKc  clenK'nt  that  in  usetj  in  gel  a’lardation  assavs  (Pig  5)  Position  22\^  (HeoRf  site)  correspi»mls  to  ptisaion  24S  of  the  published  KAHRP  ccKlmg  sequence 
1^",  accession  numhcT  }()2^12\ 
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Kijj.  4.  Mapping  the  R\A  iniiiahon  site  ot  the  KAHRP  gene.  RNasc  protoelion  analysis;  A  single  stranded,  radiolahclled  RNA  prohe  iposifum  1410  t<>  2215  in 
lig  eoniplementary  to  the  KAHRP  RNA  was  generated  and  hyhndi/ed  to  I  /tg  of  poly  A-*-  ring  stage  RNA  derived  I’mni  the  parasite  clone  FC'R.^-A2  Alter 
RNasc  digestion  pnxiucts  were  analyzed  hv  gel  elcctrophorc.sis.  Controls  using  poly  A  +  RNA  prepared  from  the  mutant  KAHRP  parasite  clone  FVO  and  froin 
yeast  were  analyzed  in  parallel  A  size  standard  is  indicated.  Primer  extension  A  end  labelled  primer  (eorresptmding  to  position  18  Id  to  1X50  in  Fig  .^Bi  was  hybridized 
to  1  /ig  poly  A  ring  stage  RNA.  Extension  products  were  analyzed  by  gel  elcctn>phoreMs  an<l  compared  to  a  sequencing  reaction  o)  gernMiiic  DNA  using  (he 
>anie  primer  Additional  primer  extended  pr^Kiuc^s  os  idem  on  the  auh'radiogram  were  found  to  be  caused  by  pausing  of  reverse  transcriptase  due  ii’  the  A  T  richness 
I't  the  sequence  The  primer  extended  product  was  recovered  from  the  gel.  amplified  by  anchored  PC'R  iechnoli>g>  (35i.  cloned  and  sequeneed. 


i-ontaining  the  KAHRP  sequence  element  were  incubated  w/ith 
nuclear  extracts  prepared  from  asynchronously  growing 
ervthroeytie  cultures  of  the  parasite  isolate  FCR,VA2.  Complex 
formation  was  analy/ed  by  gel  electrophoresis.  Three  complexes 
were  observed  (Fig.  5A).  The.se  complexes  were  found  to  be 
stable  m  the  pre.senee  of  high  concentrations  of  non-speeif'ie 
ci'mpetitor  DNA.  Further,  neither  pUCI8  DNA  (Ittg)  nor  a  DNA 
fragment  containing  the  GBP  130  upstream  sequence  could 
compete  the  formation  of  these  complexes  (Fig.  fiA).  By  contrast, 
complex  formatum  is  not  observed  in  the  presence  of  unlahclled 
KAHRP  oligonucleotides  (l(X)  ng)  or  of  a  DNA  fragment 
containing  the  KAHRP  upstream  region  ( 1  ng).  Extracts  prepared 
from  uninfected  red  hlcxxl  cells  do  not  interact  with  the  KAHRP 
sequence  element.  To  determine  the  stage  specificity  of  these 
complexes,  the  KAHRP  oligonuelctttide  was  incubated  with 
extracts  prepared  from  ring  and  sehi/tmt  stage  para-^ites, 
respectively  (Fig  5B)  Three  complexes,  two  major  and  one 
minor,  were  observed  with  nuclear  extracts  prepared  from  the 
ring  stage  In  contrast,  the  KAHRP  sequence  element  formed 
one  complex  with  nuclear  extracts  from  the  sehizont  stage 
(Fig  .“'Bi  These  data  indicate  that  the  KAHRP  sequence  element 
interacts  with  nuclear  proteins  in  a  stage  spccifie  manner. 


DISCUSSION 

The  protozoan  parasite  P  falciparum  has  a  complex  life  cycle 
alternating  between  a  vertebrate  and  an  invertehralc  host  During 
the  life  cycle  gene  expression  is  regulated  as  indicated  by  distinct 
patterns  of  RNA  (d.  1.3,  16.  17)  and  protein  accumulation  (10. 
II.  IS,  Id,  20.  2 1 )  The  mcehamsms  of  gene  regulation  are  not 
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Fig.  5.  Siape  specific  interaction  of  the  KAHRP  sequence  element  vv  iih  nuclear 
extracts  A.  10  Into!  of  double  stranded,  end  labelled  oligonucleiXides  containing 
the  KAHRP  sequence  element  were  incubated  with  5  of  total  nuclear  prc*tein 
derived  fnvni  asynchronously  criiwing  parasite  cultures  The  sequence  tW  (he 
ivligonuclcotidc  IS  shown  at  the  Nutom  The  amount  of  poly  dd  C'i  added  to  the 
binding  a,Nsays  is  indicated.  One  of  pt>ly  dd  Ci  equals  about  15  nmol  of  non 
specific  bimhng  sites  Fi>r  cross  competition  experiments  100  ng  (7  5  pmoli  o\ 
unJahclIed  K.AHRP  oligonucleotides  or  1  ^g  ( 1 .6  nmol  of  non  specific  binding 
site)  o!  pl'C'IK  DN.A  or  of  DNA  fragments  containing  the  upstream  regions  ot 
the  KAHRP.  and  GBPI.M)t25>  genes,  respectively,  wea’  tested  for  their  ability 
to  eompcle  A  control  experiment  was  pcrfomx'd  using  extracts  from  uninfected 
crythixicyrcs  (lane  marked  RB('  extract)  B  Nuclear  extracts  were  pR'paretl  fri>m 
nng  (Rl.  ami  sihizonl  <S)  stage  parasites,  respectively  The  extracts  wea’  incubated 
With  F.bellctl  KAHRP  sequence  elcnKnl  in  the  presence  of  2  Mg  of  poly  dll  C*) 
Where  indicated  HJff  ng  <»f  unlabelled  KAHRP  oligonucleotides  were  lukJed  to 
the  binding  ass;iy  (  tvmplcxes  f(»rnK’d  are  indicate<l  bv  arrow n 
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wfll  uiKlcrsUHKl  liir  thiN  parasite,  iiiainis ,  heeausc  lunelional 
a^sa\s  lor  the  studs  ot  promoter  aelivilv.  i  e  ,  Iransteetion  or 
a  reeonsliliited  in  vitro  transeriplion  system,  are  not  yet  availahle. 
In  addition,  stmetural  data  are  ditfieult  to  obtain,  sinee  non-etxiing 
plasmodial  DN.A  are  unstable  in  H.  roll  (22).  which  presumably 
results  from  the  unusually  high  A/T  content  of  >  9()'V  |23.  24). 
Consequently  ,  structural  elements  involved  in  the  developmental 
expression  ot  P.  fiiUiparum  genes  have  not  been  defined. 
Knowledge  ot  these  elements,  however,  is  a  prerequisite  for  the 
deselopment  of  a  transfection  system  for  P  falciparum  and  will 
help  in  our  understanding  ol  the  mechanisms  ot  gene  regulation 
in  this  parasite.  In  this  study,  we  have  identified  a  structural 
element  in  the  upstream  region  of  the  KAHRP  gene  that,  in 
correlation  w  ith  the  transcriptional  activity  of  this  gene  during 
the  iniraerylhrocytic  cycle,  binds  to  parasite  derived  nuclear 
laclors  in  a  stage  specitlc  manner 

.A  ^inglc  RN.A  initiation  site  has  been  tound  for  the  KAHRP 
gene  as  delerniined  by  bi'lh  primer  extension  and  RNasc 
proieetion  experiments  A  unique  transcription  start  site  has  also 
Ix'en  noted  tor  the  erylhnKXtic  stage  gene  GHPl.fO  ol  P 
lalciparum  (2.“')  In  contrast,  multiple  RNA  initiation  sites  have 
been  repiorted  for  the  insect  stage  cireunisporo/oite  gene  of  the 
simian  parasite  P  knoulcvi  (26),  the  erythrocytic  stage  ma|or 
mero/oite  surtace  antigen  gene  PId.'s  from  P  falciparum  i27), 
and  the  Py2,^()  gene  Iron)  the  rtKieni  parasite  P  xoclii  i2Hl.  The 
Irequent  pausing  ol  reverse  transcriptase  in  A  I'  rich  regions  cun 
easily  be  misinterpreted  as  multiple  initiation  sites.  Hence,  it  has 
yet  to  be  determtnetl  whether  plasmodial  genes  can  have  either 
single  or  multiple  RN.A  initiation  sites  A  cottiparison  of  genomic 
ami  cDN.A  sequences  indicates  that  the  KAHRP  gene  is 
continuously  transcribed.  However,  post -transcriptional 
priKcssing  of  the  K.AHRP  transcript  ixcurs  through  cis-splicing 
and  polyadeny  lilt  ion. 

A  comparison  ot  iranscription;il  activity  as  determined  by 
nuclear  ain  on  analysis  and  RNA  accumulation  indicates  that  the 
K  AHRP  gene  is  transcriptionally  regulated  during  the  ery  thrtxytic 
c  Vi  le  and  transcribed  only  during  the  ring  stage  l.ike  the  KAHRP 
gene,  the  GBPl.fO  (25)  and  the  HRP  II  (data  not  shown)  genes 
are  also  transcriptionally  regulated,  while  the  PldS  gene  is 
constitutively  transcribed  in  the  erythriKvtic  stages  (Fig  2). 

Transcription  of  the  K.AHRP  gene  is  sensitive  to  the  RNA 
polytnerase  inhibiter  o  amanitm  Kukaryotic  genes  transcribed 
by  an  o  amanitin  sensitive  RNA  polymerase  frequently  contain 
regulatory  signals  immediately  upstream  of  the  RN  A  tnitiation 
site  A  comparison  of  the  upstream  regions  of  several  plasmodial 
genes  inc  luding  the  GBP  1 20  and  the  CS  genes  has  revealed  a 
common  sequence  element  that  is  homologous  to  the  core  region 
ot  the  .SV40  enhancer  (25.  26).  This  .SV4()  enhancer  like  element 
IS  not  present  in  the  K.AHRP  upstream  region,  nor  were  there 
•iny  homologies  found  to  other  known  binding  sites  of  eukarxotic 
transcription  factors  However,  a  palindromic  sequence  element 
was  identified  160  bp  upstream  of  the  RNA  initiation  site  of  the 
K.AHRP  gene  This  element  was  recognized  in  a  specific  fashion 
by  parasite  derived  nuclear  extracts  Different  complexes  were 
lormed  with  this  element  depending  on  the  developmental  stage 
ol  the  parasite  Three  distinct  complexes  of  different  mobility 
were  observed  in  the  ring  stage  during  which  the  KAHRP 
promoter  is  transcriptionally  active  During  the  schizont  stage, 
when  the  KAHRP  promoter  is  silent,  a  single  complex  is  formed. 
It  IS  tempting  to  conclude  that  the  KAHRP  palindromic  motif 
IS  a  promoter  component  which  mediates  the  developmental 
expression  of  the  KAHRP  gene  by  interacting  with  transcriptional 
factors  in  a  stage  specific  manner  It  remains  to  be  determined 


whether  the  protein-DNA  complexes  observed  define  multiple 
protein  binding  sites  on  the  KAHRP  sequence  element  or  whether 
a  single  DN.A  binding  protein  is  post-transcriptionally  modified 
or  binds  additional  co-factors.  It  is  also  possible  that  this  sequence 
element  is  recognized  both  by  positive  regulatory  factors  during 
the  ring  stage  and  by  negative  regulatory  factors  during  the 
schizont  stage.  Until  a  functional  promoter  assay  is  developed 
these  conclusions  remain  speculative. 
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